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ABSTRACT	
Reniform	nematode	(Rotylenchulus	reniformis)	is	a	semi-endoparasitic	nematode	that	
causes	yield	losses	in	numerous	crops,	including	upland	cotton	(Gossypium	hirsutum).		Resistant	
cotton	varieties	are	urgently	needed,	but	the	molecular	basis	of	nematode-host	plant	
interactions	is	poorly	understood.		To	document	plant	responses	to	reniform	nematode	
infection	in	upland	cotton	roots,	we	set	up	a	split-root	growth	system	to	collect	tissues	from	
infected	and	uninfected	portions	of	the	same	root	system.		A	12-day	time	course	of	histology	
and	gene	expression	of	infected	roots	were	generated	in	Chapter	1.		Results	suggest	reniform	
nematode	infection	induced	protein	synthesis	and	transport,	inhibited	cell	division	and	plant	
defense	pathways,	and	manipulated	cell	wall	metabolism	and	plant	hormone	pathways.		
Histological	observations	recorded	the	developmental	process	of	the	permanent	feeding	
structure,	syncytium,	induced	by	reniform	nematode	in	pericycle	cells.		Pericyle	cells	are	the	
same	cells	from	which	lateral	roots	emerge	in	upland	cotton.		In	Chapter	2,	we	investigated	the	
effect	of	reniform	nematode	parasitism	on	lateral	root	formation	in	upland	cotton.		Nematode	
infection	resulted	in	significantly	higher	branching	complexity	in	cotton	roots	and	alters	
hormone-associated	gene	expression,	particularly	auxin.		Reniform	nematode-induced	syncytia	
are	characterized	as	regions	of	cell	hypertrophy	and	cell	wall	dissolutions.		In	Chapter	3,	
monoclonal	antibodies	were	used	to	investigate	potential	modifications	of	cell	wall	components	
in	infected	cotton	roots.		Fluorescence	imaging	revealed	that	syncytial	cell	walls	contain	low	
hemicellulose	xyloglucan,	but	abundant	highly	methyl-esterified	pectic	homogalacturonan.	
Strong	fluorescence	of	xyloglucan	was	overlapped	with	weak	fluorescence	of	highly	methyl-
esterified	pectic	homogalacturonan,	suggesting	that,	in	reniform	nematode-induced	syncytia,	
pectate	cross-links,	instead	of	cellulose-xyloglucan	network,	possibly	play	a	more	important	role	
		 iii	
in	load-bearing	within	syncytium.		In	conclusion,	we	provide	a	broad	transcriptomic	overview	of	
the	compatible	responses	to	reniform	nematodes	in	susceptible	upland	cotton	roots.	Four	
hundred	and	eight	five	differentially	expressed	genes	and	233	significantly	enriched	or	depleted	
gene	sets	were	identified.		
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CHAPTER	ONE	
HISTOLOGY	AND	GENE	EXPRESSION	OF	UPLAND	COTTON	(GOSSYPIUM	HIRSUTUM)	
ROOTS	INFECTED	BY	RENIFORM	NEMATODE	(ROTYLENCHULUS	RENIFORMIS)	
ABSTRACT	
The	semi-endoparasitic	reniform	nematode	(Rotylenchulus	reniformis,	RN)	is	a	yield-
limiting	pest	of	numerous	tropical	and	subtropical	crops,	including	upland	cotton	(Gossypium	
hirsutum).	Reniform	parasitism	involves	developmental	changes	in	root	anatomy,	leading	to	the	
formation	of	multicellular	nematode	feeding	sites	called	syncytia.	While	the	anatomical	changes	
associated	with	cotton	infection	and	syncytium	formation	have	been	documented,	less	is	known	
about	their	molecular	basis.	Here,	we	present	a	de	novo	root	transcriptome	assembled	from	
infected	and	uninfected	cotton	roots	and	document	changes	in	gene	expression	across	a	12-day	
time	course.	Concurrent	light	microscopy	images	document	the	progress	of	RN	parasitism	
through	time.	Vermiform	female	nematodes	had	penetrated	the	cotton	root	cortex	by	3	days	
after	infection	(DAI).	Mature	RN	syncytia	were	visible	at	9	DAI	and	were	characterized	by	
partially-degraded	cell	walls,	dense	cytoplasm,	and	larger,	more	numerous	organelles.		One	
hundred	fifty-three,	284	and	115	genes	were	differentially	expressed	(DE)	between	infected	and	
uninfected	roots	at	3,	9	and	12	DAI	(FDR=0.05).		One	hundred	twenty-two,	140	and	107	pre-
defined	genes	sets	were	also	significantly	enriched	or	depleted	on	these	dates	(FDR=0.05).	Early	
in	infection,	up-regulated	genes	and	gene	sets	were	associated	with	ribosome	synthesis,	protein	
translation,	nitrogen	transport,	and	hormonal	signaling.	Later	in	infection,	multiple	
pathogenesis-related	genes	were	down-regulated,	as	were	aquaporins	and	genes	involved	in	
mitosis,	cell	division,	and	chromatin	modification.	Genes	involved	in	cell	wall	biosynthesis,	
modification	and	catabolism	were	repressed	throughout	infection.		Nine	genes	were	DE	on	all	
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sampling	dates,	including	an	ABC	family	polar	auxin	transporter.		Fifty	transcription	factors	were	
differentially	expressed,	including	14	down-regulated	members	of	the	AP2/ERF	ethylene	
response	factor	family.	Overall,	gene	expression	changes	in	RN	infected	roots	were	consistent	
with	increased	protein	synthesis	and	transport,	inhibition	of	cell	wall	metabolism	and	cell	
division,	and	repression	of	plant	defense	pathways.	Differentially-expressed	transcription	factors	
and	signal-transduction	proteins,	especially	those	expressed	in	early	infection,	may	provide	
fruitful	targets	for	breeding	and	engineering	of	resistant	cotton	varieties.	
INTRODUCTION	
Reniform	nematode,	Rotylenchulus	reniformis	(Linford	&	Oliveira),	is	a	sedentary	plant-
parasitic	nematode	that	infects	over	300	plant	species	from	numerous	families	in	tropical,	
subtropical,	and	warm-temperate	regions	(Heald	and	Robinson,	1990;	Robinson	et	al.,	1997).		
Among	its	many	agronomic	hosts	is	upland	cotton	(Gossypium	hirsutum),	a	fiber	and	oil	
producing	crop	of	worldwide	economic	importance.	Reniform	nematode	(RN)	is	difficult	to	
control:	its	high	reproductive	rate,	short	life	cycle,	and	ability	to	survive	without	a	host	all	
contribute	to	its	emergence	as	a	major	pathogen	of	the	southeastern	Cotton	Belt	(Gaur	and	
Perry,	1991;	Robinson,	2007).	Yield	losses	ranging	from	10%	-	64%	have	been	reported	in	fields	
infected	by	RNs	(Heald	and	Robinson,	1990;	Jones	et	al.,	1959;	Koenning	et	al.,	1999).		
RN	parasitism	involves	significant	developmental	and	physiological	changes	in	plant	
roots,	leading	to	the	formation	of	specialized	multinucleate	feeding	structures	called	syncytia	
(Agudelo	et	al.,	2005;	Rebois	et	al.,	1975).	Each	syncytium	is	formed	by	a	single	infective	
immature	female,	who	penetrates	the	root	epidermis	and	cortex	until	she	reaches	the	
endodermis	(Agudelo	et	al.,	2005).	She	then	inserts	her	stylet	into	a	single	endodermal	cell	(the	
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initial	syncytial	cell)	and	releases	a	proteinaceous	secretion	that	triggers	syncytium	formation	
through	cell	wall	lysis	and	cytoplasmic	coalescence	of	adjacent	pericycle	cells	(Wubben	et	al.,	
2010a).	Several	effector	proteins	contained	in	reniform	nematode	secretions	have	recently	been	
identified.	They	include	two	classes	of	small	peptide	hormones	that	mimic	those	found	in	plants	
(CLAVATA3/ESR	peptides	and	C-terminally	encoded	peptides),	as	well	as	a	number	of	cell	wall	
degrading	enzymes	(Eves-Van	Den	Akker	et	al.,	2016;	Wubben	et	al.,	2010a,	2015).	
While	the	specific	molecular	mechanisms	of	RN	syncytia	formation	are	not	yet	
understood,	two	better-studied	sedentary	parasitic	nematodes	also	establish	permanent	
feeding	sites	in	host	roots	(Mitchum	et	al.,	2013;	Rehman	et	al.,	2016;	Wubben	et	al.,	2010a).	
The	root-knot	nematode	(Meloidogyne	spp.,	RKN)	induces	the	formation	of	giant	cells	in	phloem	
or	adjacent	parenchyma	through	repeated	nuclear	divisions	without	cytokinesis		(Bird,	1974;	
Jones	and	Payne,	1978).	The	cyst	nematodes	(Heterodera	and	Globodera,	CN),	which	are	more	
closely	related	to	reniform	nematodes,		create	large	multinucleate	syncytia	through	cell	wall	
breakdown	and	protoplast	fusion	in	the	procambium	and	young	vascular	tissue	(Agudelo	et	al.,	
2005;	Jones,	1981;	Rebois	et	al.,	1975).	Parasitism	by	RKN	and	CN	appears	to	require	the	
suppression	of	plant	defenses	and	the	manipulation	of	genes	involved	in	cell	death,	cell	cycle	
and	cell	wall	modification	(Fuller	et	al.,	2008;	Kandoth	et	al.,	2011;	Khan	et	al.,	2004;	Mazarei	et	
al.,	2011;	Uehara	et	al.,	2010).	Whether	reniform	nematode	manipulates	host	plant	genes	in	an	
analogous	manner	is	unknown,	but	recent	work	suggests	that	broadly	similar	groups	of	genes	
may	be	involved	(Li	et	al.,	2015).		
Here	we	describe	the	de	novo	assembly	of	a	G.	hirsutum	root	transcriptome	and	present	
a	time	course	of	gene	expression	during	RN	parasitism	of	a	susceptible	host.	We	describe	a	split-
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root	growth	system	that	allows	us	to	collect	tissue	from	infected	and	uninfected	portions	of	the	
same	root	system,	and	we	identify	individual	genes	and	gene	sets	whose	expression	changes	in	
RN-infected	roots	over	a	twelve-day	time	course	following	inoculation.		
MATERIALS	AND	METHODS	
Plant	growth	and	nematode	inoculation	
Surface-sterilized	seeds	of	Gossypium	hirsutum	cv.	Deltapine	50	were	pre-germinated	in	
vermiculite.	After	cotyledon	emergence,	20	similar-sized,	healthy	seedlings	were	selected	and	
their	root	tips	were	pruned	to	encourage	lateral	root	proliferation.	After	one	week,	seedlings	
were	transplanted	into	adjacent	300-cm3	pots	containing	pasteurized	fine	sand,	splitting	their	
root	system	equally	between	two	pots	by	means	of	a	Y-shaped	plastic	tube	(Figure	1.1).	This	
split-root	growth	system	was	designed	to	facilitate	RNA	isolation	from	infected	and	uninfected	
roots	of	the	same	plant,	and	permit	identification	of	genes	that	were	locally	up-	or	down-
regulated	in	infected	roots	while	controlling	for	plant-to-plant	variability	in	gene	expression.	
A	RN	suspension	was	prepared	by	centrifugal	sugar	flotation	from	infested	cotton	field	
soil	collected	in	St.	Matthews,	SC	(Jenkins,	1964).	RNs	were	collected	on	a	35	μM	sieve	and	
resuspended	in	tap	water.	One	week	after	transplant	to	the	split-root	system,	one	pot	per	plant	
was	randomly	selected	for	inoculation	with	2	ml	of	nematode	suspension	(approx.	3,000	
nematodes);	the	other	pot	received	an	equal	volume	of	tap	water.	Plants	were	maintained	in	
the	growth	room	at	28	±	2°C	with	a	14-h	light/10-h	dark	photoperiod	for	up	to	12	days	after	
inoculation	(DAI),	receiving	20	ml	of	water	every	day	until	harvest.	
Nematode	staining	
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Plant	roots	harvested	at	3,	9,	and	12	DAI	were	stained	with	acid	fuchsin	to	localize	
nematodes	in	cotton	roots	(Bybd	et	al.,	1983).	Washed	roots	from	each	sample	were	put	in	a	
150	ml	beaker	with	50	tap-water	and	20	ml	chlorine	bleach	(5.25%	NaOCl)	to	give	1.5%	NaOCl.	
The	roots	were	left	in	the	solution	for	4	min,	with	occasional	agitation,	then	rinsed	in	running	
water,	and	allowed	to	soak	in	tap-water	for	15	min	to	remove	NaOCl.	Material	was	then	drained	
and	placed	in	a	beaker	in	30	ml	water	plus	1	ml	stain	(3.5	g	acid	fuchsin,	250	ml	acetic	acid,	750	
ml	distilled	water)	and	heated	to	boiling	for	about	30	s.	After	cooling	to	room	temperature,	
excess	stain	was	removed	by	rinsing	in	running	water	and	the	material	was	then	placed	in	20-30	
ml	glycerol	acidified	with	a	few	drops	of	5N	HCl,	heated	to	boiling	and	cooled.	Roots	and	stained	
nematodes	were	viewed	on	an	inverted	microscope	at	100X	magnification	(Motic	AE2000	with	
Cannon	EOS	Rebel	T2i	camera).			
Microscopy	
Three	replicates	plants	were	harvested	at	3,	9	and	12	DAI	to	assess	the	histopathology	
of	syncytium	development.	Five	to	ten	pieces	of	inoculated	root	tissue	from	each	plant	were	
fixed	overnight	in	freshly	prepared	3.7%	Formaldehyde/Acetic	Acid	(FAA:	50%	ethanol,	5%	
glacial	acetic	acid,	3.7%	formaldehyde),	dehydrated	in	graded	ethanol	(50%,	75%,	90-95%,	100%	
v/v),	and	cleared	in	xylene.	They	were	infiltrated	with	an	ethanol:catalyzed	resin	(50:50)	
mixture,	then	infiltrated	with	100%	catalyzed	resin,	and	finally	embedded	in	resin	(Spurr	Low-
Viscosity	Embedding	Kit,	Sigma-Aldrich,	Inc).	Embedded	sample	blocks	were	sectioned	at	0.5	μM	
and	stained	with	Azure	II	(1%	in	1%	sodium	borate)	and	basic	fuchsin	(1%	in	50%	ethanol,	diluted	
to	1/20	for	use).	Slides	were	viewed	at	20-40X	with	an	OLYMPUS	Microscope	BH-2	(OLYMPUS,	
Japan),	and	images	were	captured	using	the	ProgRes®	CapturePro	image	capture	system	
(JENOPTIK,	Germany).		
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Transcriptome	Sequencing	
Approximately	500	mg	(FW)	of	root	tissue	was	harvested	from	infected	and	uninfected	
roots	of	three	replicate	plants	at	3,	9	and	12	DAI,	for	a	total	of	18	samples.	Tissue	was	preserved	
in	RNAlater	(QIAGEN,	Valencia,	CA)	and	immediately	shipped	to	the	University	of	Arizona	
Genetics	Core	(Tucson,	AZ).	RNA	was	extracted	using	the	Qiagen	RNAeasy	Mini	Kit,	and	RNA	
quality	was	assessed	with	the	Agilent	2100	Bioanalyzer	prior	to	100-bp	paired-end	library	
preparation	with	the	Illumina	TruSeq	2	RNA	kit.	Samples	were	sequenced	across	two	lanes	of	
the	Illumina	Hiseq	platform	(Illumina,	San	Diego,	CA).	Paired-end	read	quality	was	assessed	with	
FastQC	v.0.11.3	(Andrews),	followed	by	adaptor	trimming	with	Trimmomatic	(Bolger	et	al.,	
2014)	and	content-dependent	quality	trimming	with	the	default	settings	of	ConDeTri	(Smeds	
and	Künstner,	2011).	The	average	per-read	PHRED	quality	score	after	trimming	and	filtering	was	
37.	Raw	reads	from	all	samples	were	uploaded	to	the	NCBI	SRA	under	project	number	
PRJNA269348.	
Transcriptome	Assembly	and	Annotation	
Trimmed	and	filtered	reads	from	all	samples	were	combined	for	de	novo	transcriptome	
assembly	on	the	Palmetto	high	performance	computing	cluster	at	Clemson	University	using	the	
Trinity	v.2.0.6	pipeline	with	default	parameters	(Grabherr	et	al.,	2011).	At	the	time	this	work	was	
initiated,	a	high	quality	cotton	genome	assembly	was	not	available.	Assembled	transcripts	were	
annotated	with	Blast2GO	(Conesa	et	al.,	2005),	which	executes	a	BLASTx	search	against	the	NCBI	
nonredundant	(nr)	database	and	assigns	gene	ontology	(GO)	terms,	Interpro	IDs,	enzyme	codes	
and	Kegg	pathways	to	sequences	with	at	least	one	significant	BLASTx	hit	(E	<	1.0	e-6).	
RNA	for	transcriptome	assembly	was	isolated	from	nematode-infected	and	uninfected	
cotton	roots.	The	resulting	de	novo	assembly	therefore	contained	both	cotton	and	nematode	
		 7	
genes.	Cotton	protein-coding	genes	were	separated	from	other	contigs	based	on	two	criteria:	
(1)	their	transcripts	had	at	least	one	significant	BLASTx	against	the	NCBI	nr	database,	and	(2)	
their	top	BLAST	hit	species	were	plants.	This	conservative	approach	to	identifying	cotton	
protein-coding	genes	may	have	discarded	cotton	genes	with	low	sequence	similarity	to	other	
known	plant	genes,	as	well	as	long	ncRNAs	with	no	hits	to	the	NCBI	nr	database.			
Gene	expression	was	quantified	by	mapping	reads	from	individual	samples	back	to	the	
cotton	protein-coding	transcriptome	using	RSEM	(Li	and	Dewey,	2011).	Reads	from	all	splice	
forms	of	a	given	gene	were	pooled	for	downstream	analysis.	Genes	with	uniform	low	expression	
(fewer	than	ten	mapped	reads	in	twelve	or	more	samples)	were	filtered,	and	count	data	from	
the	remaining	genes	were	imported	to	DESeq2	for	differential	expression	analysis	using	default	
parameters	(Love	et	al.,	2014a).	Data	were	analyzed	separately	by	date	to	identify	genes	
differentially	expressed	between	infected	and	uninfected	roots	(FDR=0.05).	The	overall	effect	of	
RN	infection	on	gene	expression	was	visualized	by	principal	components	analysis	(PCA)	of	rlog	
transformed	count	data.	
Gene	set	enrichment	analysis	(GSEA	v.2.1.0)	was	also	performed	to	identify	pre-defined	
gene	sets	that	showed	significant,	concordant	differences	in	expression	between	infected	and	
uninfected	roots	on	each	date	(Mootha	et	al.,	2003;	Subramanian	et	al.,	2005).	A	custom	GSEA	
database	of	954	gene	sets,	each	containing	at	least	15	genes,	was	created	from	GO	terms	and	
enzyme	code	annotations	of	the	cotton	root	transcriptome	(Additional	File	1).	Gene	sets	whose	
expression	was	enriched	or	depleted	in	infected	roots	were	identified	using	FDR=0.05.		
RESULTS	
Nematode	staining	and	microscopy	
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Microscopy	of	whole	roots	and	resin	sections	was	used	to	document	the	progress	of	
syncytium	formation	through	time	(Figure	1.2	and	1.3).	At	3	DAI,	vermiform	female	nematodes	
had	begun	to	penetrate	intracellularly,	moving	through	the	cortical	cells	(Figure	1.2a).	In	some	
cases,	female	nematodes	had	reached	the	stele,	but	syncytia	were	not	yet	visible.	By	9	DAI,	
numerous	females	had	reached	the	stele	and	had	begun	to	swell	and	mature	(Figure	1.2b).	
Syncytia	were	clearly	visible	as	regions	of	enlarged,	interconnected	pericycle	cells	with	partially	
lysed	cell	walls	and	disorganized	cytoplasm	(Figure	1.3b).	Densely	staining	cytoplasm	aggregated	
at	the	boundary	of	some	interconnected	syncytial	cells.	At	12	DAI,	fully	mature	female	
nematodes	had	swollen	into	a	kidney	shape.	A	gelatinous	matrix	surrounded	the	majority	of	
visible	nematodes	with	few	exceptions,	and	egg	masses	were	visible	in	some	sections	(Figure	
1.2c-d,	Figure	1.3c-d).	Dense	cytoplasm,	enlarged	nuclei	and	nucleoli,	and	an	increased	number	
and	size	of	organelles	were	readily	observed	in	fully-formed	syncytia	(Figure	1.3c).	
Transcriptome	sequencing	and	de	novo	assembly	
Illumina	sequencing	of	eighteen	RNA	samples	from	infected	and	uninfected	cotton	roots	
over	three	sampling	dates	generated	over	448	million	raw	100-bp	reads,	with	an	average	of	24.8	
million	reads	per	sample.	After	filtering	and	trimming,	clean	reads	from	all	samples	were	used	
for	de	novo	transcriptome	assembly	with	the	Trinity	pipeline.	The	cotton	root	protein-coding	
transcriptome	consisted	of	37,510	unique	genes	with	33,808	alternate	splice	forms	of	these	
genes,	an	overall	N50	of	1,430	bp,	and	a	mean	length	of	984	bp.	All	genes	had	at	least	one	
BLASTx	hit	against	the	NCBI	nr	database,	and	79%	were	annotated	with	at	least	one	GO	term	in	
Blast2GO.	The	complete	cotton	root	protein-coding	transcriptome	is	provided	as	a	fasta	file	in	
Additional	File	2,	and	annotation	information	for	each	gene	is	presented	in	Additional	File	3.		
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Overall	differential	gene	expression	results	
Exploratory	data	visualization	using	principle	components	analysis	(PCA)	of	rlog	
transformed	count	data	confirmed	that	each	date’s	samples	could	be	separated	by	infection	
status	along	the	second	principle	component	(Figure	1.4).	In	total,	458	genes	were	differentially	
expressed	(DE)	in	infected	roots	on	at	least	one	sampling	date	(FDR=0.05;	Figure	1.5).	One	
hundred	fifty-three,	284	and	115	genes	were	DE	between	infected	and	uninfected	roots	on	days	
3,	9	and	12,	respectively.	On	date	3,	the	majority	of	DE	genes	(115	genes)	were	up-regulated,	
some	with	extremely	high	fold	changes.	On	subsequent	dates,	the	majority	of	DE	genes	were	
down-regulated	(168	and	68	genes	on	date	9	and	12,	respectively),	generally	with	more	modest	
fold	changes.			
The	top	20	annotated	up-	and	down-regulated	genes	on	each	date	are	provided	in	
Tables	1.1	and	1.2,	and	expression	data	for	all	genes	on	all	dates	are	provided	in	Additional	File	
4.		The	top	up-regulated	gene	lists	on	dates	3	and	9	were	dominated	by	genes	encoding	
components	of	large	and	small	eukaryotic	ribosomal	subunits,	suggesting	that	early	stages	of	
reniform	symbiosis	are	characterized	by	wholesale	induction	of	translational	machinery	and	de	
novo	protein	synthesis	(Table	1.1).	Also	strongly	up-regulated	were	multiple	transporters	for	
nitrate,	ammonium,	amino	acids,	iron,	and	malate.		
Top	down-regulated	gene	lists	were	dominated	by	cell	wall-associated	proteins,	
including	pectate	lyase,	pectinesterase,	extensin	and	extensin-like	proteins,	cellulose	synthase,	
alpha-L-fucosidase,	and	beta-D-xylosidase	(Table	1.2).	Also	strongly	down-regulated	on	multiple	
dates	were	genes	for	non-specific	lipid	transfer	proteins,	ethylene	response	factor	transcription	
factors,	and	defense-related	proteins.		
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Table	1.3	highlights	nine	genes	that	were	DE	across	all	sampling	dates.	Consistently	up-
regulated	were	a	cytochrome	P450	82C4-like	protein	whose	Arabidopsis	homolog	functions	in	
cellular	iron	metabolism	(Murgia	et	al.,	2011),	an	ABC	transporter	B	family	15-like	protein	with	
significant	similarity	to	known	polar	auxin	transporters	(Cho	and	Cho,	2013),	a	tau-family	
glutathione	S-transferase,	and	an	uncharacterized	protein	with	a	DUF1645-domain.	Consistently	
down-regulated	were	three	non-specific	lipid	transfer	proteins,	an	extensin-like	protein	and	a	
bidirectional	sugar	transporter	SWEET4.			
Overall	gene	set	enrichment	analysis	results	
In	parallel	with	the	identification	of	individual	DE	genes,	gene	set	enrichment	analysis	
(GSEA)	was	performed	to	identify	pre-defined	gene	sets	whose	expression	differed	between	
infected	and	uninfected	roots	on	each	date	(FDR=0.05).	While	DESeq2	identifies	individual	genes	
with	large,	significant	fold	changes,	GSEA	identifies	gene	sets	whose	members	show	concordant,	
but	potentially	smaller,	changes	in	expression.	In	total,	233	gene	sets	were	significantly	enriched	
or	depleted	in	infected	roots	on	at	least	one	date	(FDR=0.05;	Figure	1.6).		There	were	
approximately	equal	numbers	of	enriched	and	depleted	gene	sets	early	in	the	infection	process	
(Figure	1.6).		On	subsequent	dates,	many	more	gene	sets	were	depleted.	
The	top	20	gene	sets	enriched	or	depleted	in	infected	roots	on	each	date	are	provided	in	
Tables	1.4	and	1.5,	and	enrichment	scores	for	all	gene	sets	on	all	dates	are	provided	in	
Additional	File	5.	Some	GSEA	results	reinforced	the	results	of	the	differential	gene	expression	
analysis.	On	all	dates,	multiple	enriched	gene	sets	were	related	to	transport:	ions	(GO:0043269),	
nitrate	(GO:0015706),	ammonium	(GO:0015696),	amino	acids	(GO:0015802,	GO:0015824,	
GO:0043090),	nucleotides	(GO:0006862),	phosphonate	(EC:3.6.3.28)	and	iron	(GO:0006826).	
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Likewise,	multiple	depleted	gene	sets	were	related	to	plant	cell	wall	biosynthesis	(GO:0009834,	
GO:0045492,	GO:0009809),	modification	(EC:3.2.1.23,	GO:0010413,	GO:0046274,	EC:3.2.1.15,	
GO:0052543)	and	organization	(GO:0009664,	GO:0009505,	GO:0071555).			
Other	highly-enriched	gene	sets	emphasized	aspects	of	infection	that	were	not	
immediately	apparent	from	top	DE	gene	lists.	There	was	an	early	enrichment	of	gene	sets	
related	to	ABA	signaling	(GO:0009738),	salicylic	acid	signaling	(GO:0009863),	systemic	acquired	
resistance	(GO:0009627)	and	the	hypersensitive	response	(GO:0010363),	although	these	
transcriptional	responses	were	dampened	at	later	stages	(see	below).	Throughout	syncytium	
development,	significant	depletion	of	gene	sets	related	to	cell	cycle	regulation	(GO:0010389),	
microtubule	activity	(GO:0008017,	GO:0007018,	GO:000377,	GO:0005871,	GO:0000226),	DNA	
replication	(GO:0006270,	GO:0006275)	and	cell	division	(GO:0000911,	GO:0051225)	suggested	
lower	rates	of	mitosis	and/or	cell	division	in	infected	roots.		
Multiple	depleted	gene	sets	were	associated	with	chromatin	modifications	and	gene	
silencing.	Histone	H3-K9	methylation	(GO:0051567)	was	significantly	depleted	in	infected	roots	
on	all	sampling	dates.	This	type	of	methylation	characterizes	tightly-packed	heterochromatin	
and	is	associated	with	both	gene	silencing	and	the	condensation	of	chromosomes	in	preparation	
for	mitosis	(Park	et	al.,	2011).	Other	depleted	genes	sets	associated	with	chromatin	modification	
included	DNA	methylation	(GO:0006306),	chromatin	silencing	(GO:0006342),	histone	
phosphorylation	(GO:0016572),	and	chromatin	silencing	by	small	RNA	(GO:0031048).		
Details	of	differential	gene	expression	and	gene	set	enrichment	analysis	results	
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The	majority	of	DE	genes	and	gene	sets	could	be	binned	into	one	of	seven	broad	
categories	that	provide	a	framework	for	more	detailed	examination	of	gene	expression	during	
reniform	nematode	infection.		
Ribosomes	and	protein	translation	(Figure	1.7).	Genes	encoding	constituent	proteins	of	
ribosomal	large	and	small	subunits	were	strongly	up-regulated	in	infected	roots	on	3	DAI,	when	
they	accounted	for	22%	of	the	115	up-regulated	genes.	Also	up-regulated	were	additional	genes	
involved	in	protein	translation:	multiple	elongation	factors,	topoisomerase	II-associated	protein	
PAT1,	the	translation	regulator	protein	niban,	and	a	nascent	polypeptide	associated	complex	α-
chain.	The	wholesale	induction	of	ribosome	and	translation-related	genes	was	still	apparent	at	9	
DAI	but	was	no	longer	evident	in	the	transcriptome	by	12	DAI.			
Synthesis	and	modification	of	cell	wall	polysaccharides	(Figure	1.8	and	1.9).	Genes	
involved	in	cell	wall	processes	were	almost	uniformly	down-regulated,	particularly	at	9	and	12	
DAI.	Three	exceptions	were	a	xyloglucan	6-xylosyltransferase	homolog	(up	at	3	DAI),	a	cellulose	
synthase-like	protein	(up	at	12	DAI),	and	an	expansin-like	B1	homolog	(up	at	9	and	12	DAI).	The	
first	two	genes	are	involved	in	polymerization	of	hemicellulose	(Cavalier	and	Keegstra,	2006;	
Hazen	et	al.,	2002),	while	the	last	is	a	member	of	the	expansin	family	of	cell	wall	loosening	
proteins	(Marowa	et	al.,	2016).	
A	large	number	of	cell	wall-associated	genes	were	significantly	down-regulated.	Unlike	
ribosomal	genes	up-regulated	early	in	infection,	cell	wall-associated	genes	were	down-regulated	
throughout	infection.	These	included	a	variety	of	pectinolytic	enzymes:	polygalacturonase,	
pectate	lyase,	and	pectin	methylesterase.		Also	repressed	were	genes	involved	in	degradation	
and	modification	of	hemicellulose:	beta-D-xylosidase,	mannan	endo-1,4-beta-mannosidase,	
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alpha-L-fucosidase,	xyloglucan	endo-transglycosylase,	and	glucuronoxylan	4-O-
methyltransferase.		Two	cellulose	synthase	genes	were	down-regulated,	as	were	two	endo-1,4-
beta-glucanases	(cellulases).	Seven	down-regulated	genes	encoded	members	of	the	diverse	
proline-rich	protein/extensin	superfamily	of	cell	wall	structural	proteins.	These	included	an	
extensin	2-like	protein,	a	fasciclin-like	protein,	two	LRR	extensin-like	proteins,	a	hybrid	proline-
rich	protein,	and	a	pistil-specific	extensin-like	protein.		
GSEA	results	underscored	the	broad	suppression	of	cell	wall	gene	expression	in	infected	
roots	(Figure	1.9).		Four	gene	sets	associated	with	general	wall	synthesis	and	organization	were	
significantly	depleted	on	all	dates:	plant-type	cell	wall	organization	(GO:0009664),	plant-type	
secondary	cell	wall	biogenesis	(GO:0009834),	cell	wall	organization	(GO:0071555),	and	plant-
type	cell	wall	biogenesis	(GO:0009832).	Numerous	gene	sets	associated	with	the	synthesis	and	
catabolism	of	all	major	cell	wall	polysaccharides	were	also	depleted.		A	single	cell	wall	gene	set	
was	enriched	in	infected	roots	during	early	stages	of	nematode	penetration	at	3	DAI:	defense	
response	by	callose	deposition	(GO:0052542).	
Signal	transduction,	pathogen	response	and	secondary	metabolism	(Figure	1.10	and	
1.11).	A	number	of	DE	genes	and	gene	sets	were	associated	with	the	perception	and	response	to	
pathogens.	Of	particular	interest	was	up-regulation	of	a	FERONIA-like	tyrosine	receptor	kinase	
and	three	MLO	proteins	that	function	downstream	of	FERONIA	in	signal	transduction	(Figure	
1.10).	FERONIA	is	involved	in	signaling	pathways	that	suppress	host	plant	immunity,	and	
Arabidopsis	mutants	lacking	FERONIA	show	increased	resistance	to	Fusarium	infection	
(Masachis	et	al.,	2016).		MLO	(Mildew	Locus	O)	proteins	are	membrane-spanning	proteins	
whose	loss-of-function	mutations	also	create	near-complete	resistance	to	powdery	mildew	and	
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other	pathogens	in	a	variety	of	plant	species	(Acevedo-Garcia	et	al.,	2014).		They,	like	FERONIA,	
are	thought	to	function	in	negative	regulation	of	plant	immunity.	Their	up-regulation	in	RN-
infected	cotton	roots	is	consistent	with	nematode	suppression	of	host	defenses.	GSEA	results	
also	highlighted	the	enrichment	of	multiple	defense-related	gene	sets	at	3	DAI,	but	their	
enrichment	was	transient	and	most	were	not	significantly	enriched	at	9	or	12	DAI	(Figure	1.11).		
Multiple	protein	kinases	were	DE	in	response	to	RN	infection.	One	up-regulated	
receptor	kinase,	lysM	domain	receptor-like	kinase	4,	functions	as	a	cell	surface	receptor	for	
chitin	elicitors	during	the	induction	of	plant	innate	immunity	(Wan	et	al.,	2012a).	It	belongs	to	
the	same	lysM	kinase	family	as	the	nod-factor	receptors	NFR1	and	NFR5	that	allow	Lotus	
japonicus	to	recognize	its	bacterial	symbionts	during	nodulation	(Broghammer	et	al.,	2012).		
Numerous	genes	encoding	pathogenesis-related	proteins	were	DE;	most	were	down-
regulated	at	9	DAI	(Edreva,	2005).	These	included	a	cotton	homolog	of	pathogenesis-related	
protein	1	(PR-1),	four	beta-1,3-glucanases,	two	chitinases,	two	osmotin/thaumatin-like	proteins,	
two	germin	subfamily	members,	and	the	pathogenesis-related	protein	VDRG6.	Also	down-
regulated	were	two	genes	encoding	respiratory	burst	oxidase	homolog	protein	D,	which	
generates	reactive	oxygen	species	during	incompatible	pathogen	interactions	(Torres	et	al.,	
2002).	These	results	were	also	consistent	with	suppression	of	host	plant	defenses.	
Finally,	the	down-regulation	of	several	genes	associated	with	rate-limiting	steps	in	
flavonoid	and	isoprenoid	biosynthesis	provided	evidence	that	these	secondary	metabolic	
pathways	were	broadly	suppressed	in	RN-infected	roots	(Figure	1.10).		Genes	for	the	first	two	
enzymes	in	flavonoid	synthesis	(chalcone	synthase	and	chalcone	isomerase)	were	significantly	
down-regulated	in	infected	roots	at	9	and	12	DAI,	and	four	additional	flavonoid	biosynthesis	
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genes	were	also	down-regulated.	Likewise,	two	genes	encoding	geranyl	diphosphate	synthase	
(GPPS),	which	catalyzes	an	early	step	in	terpenoid	biosynthesis,	were	significantly	down-
regulated	at	9	DAI.	Geranylgeranyl	diphosphate	is	the	precursor	for	biosynthesis	of	gibberellins,	
carotenoids,	and	a	variety	of	defense-related	terpenoid	compounds.	 
Cell	cycle	regulation	and	cell	division	(Figure	1.12	and	1.13).	Both	DE	gene	expression	
and	GSEA	analyses	highlighted	the	down-regulation	of	genes	associated	with	mitosis	and/or	cell	
division.	Throughout	the	12-day	time	course,	multiple	depleted	gene	sets	(Table	1.5,	Additional	
File	5,	Figure	1.13)	were	related	to	mitosis,	cell	division,	DNA	replication,	and	cell	cycle	
regulation.		This	result	was	surprising,	given	that	endoreduplication	(rounds	of	genome	
duplication	without	cytokinesis)	has	been	reported	in	feeding	sites	of	other	parasitic	nematodes	
(de	Almeida	Engler	and	Gheysen,	2013;	Vieira	et	al.,	2013b,	2013a).	Because	whole	infected	
roots	were	sampled	rather	than	individual	syncytia,	it	is	not	clear	which	cell	population(s)	were	
responsible	for	this	transcriptional	signal.	
Nonetheless,	the	differential	expression	of	cell	cycle	genes,	particularly	two	cyclins	and	a	
cyclin-dependent	kinase	(cdk),	was	consistent	with	reduced	mitosis	in	infected	roots	(Figure	
1.12).	Both	a	B-type	and	a	D-type	cyclin	showed	significantly	lower	expression	during	the	later	
stages	of	RN	infection.	Cyclins	regulate	the	progression	of	cells	through	the	cell	cycle	by	
activating	cyclin-dependent	kinases	(cdk),	and	activated	cyclin/cdk	complexes	are	required	
for	progression	from	G2	to	M	(B-type	cyclins)	or	G1	to	S	(D-type	cyclins)	cell	cycle	phases	(Day	et	
al.,	2009;	Petri	et	al.,	2007).		
Three	flowering	promoting	factor-1-like	genes	were	also	strongly	up-regulated	in	
syncytial	roots	(Figure	1.12).	These	proteins	act	as	cell	cycle	inhibitors	whose	proteasomal	
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degradation	is	required	for	the	metaphase	to	anaphase	transition.	They	have	previously	been	
shown	to	act	as	cell	cycle	regulators	during	root	development	in	rice	(Xu	et	al.,	2010),	and	their	
up-regulation	is	again	consistent	with	reduced	rates	of	mitosis	and/or	cell	division.	Finally,	two	
genes	encoding	WUSCHEL-related	homeobox	4	(WOX4)-like	transcription	factors	were	down-
regulated	at	12	DAI.	WOX4	promotes	cell	divisions	in	vascular	tissue,	where	it	appears	to	be	
required	for	the	differentiation	of	xylem	and	phloem	in	maturing	roots	(Etchells	et	al.,	2012;	Ji	et	
al.,	2010).			
Hormones	(Figure	1.14).	GSEA	highlighted	two	broad	patterns	of	hormone-related	gene	
expression	in	infected	roots.	First,	at	3	DAI,	there	was	significant	enrichment	of	gene	sets	
associated	with	stress-,	wounding-	and	defense-related	hormones	including	ABA	(GO:0009738),	
ethylene	(GO:0009693),	jasmonate	(GO:0009753)	and	salicyclic	acid	(GO:0009697	and	others).	
All	but	GO:0009697	were	not	enriched	on	subsequent	sampling	dates.	Second,	when	mature	
syncytia	had	formed	at	9	and	12	DAI,	there	was	significant	depletion	in	gene	sets	associated	with	
cell	enlargement-,	division-	and	differentiation-related	hormones:	auxin	polar	transport	
(GO:0009926),	cytokinin	signaling	(GO:0009736),	and	brassinosteroid	synthesis	(GO:0016132).			
A	closer	look	at	individual	auxin-related	genes	revealed	up-regulation	of	genes	for	the	
auxin	biosynthesis	enzyme	YUCCA10,	the	auxin	conjugating	enzyme	indole-3-acetate	β-D-
glycosidase,	and	a	SAUR-like	auxin	responsive	protein	(Figure	1.14b).		Likewise,	a	gene	for	an	
ABCB	family	polar	auxin	transporter	was	up-regulated	on	all	dates.	Two	auxin	efflux	carriers	
were	affected	oppositely:	one	(with	significant	sequence	similarity	PIN6)	was	up-regulated	at	3	
DAI,	while	the	other	(with	significant	sequence	similarity	to	PIN-LIKES	7)	was	down-regulated	at	
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9	and	12	DAI.		An	auxin	influx	carrier	with	similarity	to	LAX5	was	also	down-regulated	during	
early	infection.		
Transport	proteins	(Figure	1.15	and	1.16).		Thirty-five	genes	with	membrane	transport	
functions	were	differentially	expressed:	22	up-regulated	and	13	down-regulated	(Figure	1.15).		
Nine	up-regulated	genes	were	involved	in	the	transport	of	nitrate,	ammonium,	or	amino	acids	at	
3	and	9	DAI.	None	were	significantly	up-regulated	at	12	DAI.	Genes	encoding	two	phosphate	
transporters	were	also	up-regulated:	PHO1,	which	controls	inorganic	phosphate	efflux	
(Stefanovic	et	al.,	2011),	and	a	mitochondrial	phosphate	carrier,	which	moves	phosphate	from	
the	cytosol	to	the	mitochondrial	matrix.	In	addition,	transporters	for	potassium	(comp103371	
and	comp124465),	zinc	(comp42371),	and	iron	(comp110390	and	comp114354)	were	up-
regulated	in	infected	roots.			
Several	genes	for	sugar	and	organic	acid	transporters	were	differentially	expressed,	
mainly	during	mid-late	syncytium	development	at	9	and/or	12	DAI.		These	included	an	up-
regulated	sugar	phosphate	exchanger	and	an	STP1-like	hexose/proton	symporter.		Two	
additional	sugar	transporters	were	down-regulated:	a	plastid	glucose-6-phosphate/phosphate	
translocator	and	a	SWEET4-like	transporter	whose	expression	was	significantly	reduced	on	all	
sampling	dates.		
The	list	of	down-regulated	transporters	was	dominated	by	aquaporins	(Figure	1.15).		
Four	PIP	(plasma	membrane)	aquaporins	and	one	TIP	(tonoplast)	aquaporin	showed	significantly	
lower	expression	in	infected	roots.	Three	of	the	down-regulated	aquaporin	sequences	were	
most	similar	to	Arabidopsis	PIP2-8,	which	is	expressed	mainly	in	the	root	stele	(Péret	et	al.,	
2012).	Reduced	aquaporin	expression	was	also	captured	in	the	GSEA	analysis,	where	the	gene	
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set	corresponding	to	GO:0015250	(water	channel	activity)	was	significantly	depleted	in	infected	
roots	(Figure	1.16).		
Overall,	GSEA	analysis	corroborated	both	the	nature	and	timing	of	transporter	gene	
expression.	At	3	DAI,	gene	sets	related	to	the	transport	of	nitrogen	were	significantly	enriched,	
including	GO:0003333	(amino	acid	transmembrane	transport),	GO:0015696	(ammonium	
transport)	and	GO:0015706	(nitrate	transport).	The	latter	gene	set	was	enriched	across	all	
sampling	dates,	as	were	GO:0010167	(response	to	nitrate)	and	GO:0006826	(iron	ion	transport).	
Depleted	gene	sets	included	GO:0015250	(water	channel	activity),	GO:0009926	(auxin	
polar	transport),	GO:0022857	(transmembrane	transporter	activity),	and	GO:0006869	(lipid	
transport).	The	latter	result	accords	with	the	down-regulation	of	multiple	nonspecific	lipid	
transport	proteins	(Tables	1.2	and	1.3,	Additional	File	4),	many	of	them	repressed	across	all	
sampling	dates.		
Transcription	factors	(Figure	1.17)	Finally,	fifty	transcription	factors	were	differentially	
expressed	during	RN	infection,	providing	initial	insight	into	high	level	regulatory	programs	
affected	by	reniform	nematode	parasitism.	Trends	included	up-regulation	of	a	small	number	of	
transcription	factors	at	3	DAI,	followed	by	up-	and	down-regulation	of	a	much	larger	number	of	
transcription	factors	at	9	and	12	DAI.	Thirty-four	percent	of	the	differentially-expressed	
transcription	factors	belonged	to	the	AP2/ERF/DREB	family	of	ethylene	response	factors.		
Five	transcription	factor	genes	were	significantly	up-regulated	in	infected	roots	at	3	DAI.	
These	encoded	an	ERF110-like	ethylene	response	factor,	a	GOLDEN	2-like	protein,	a	SOC1-like	
MADS-box	protein,	a	bzip21-like	transcription	factor,	and	a	neurogenic	locus	notch-like	protein.	
Fourteen	members	of	the	AP2/ERF/DREB	ethylene	response	factor	(ERF)	family	were	down-
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regulated	at	9	DAI,	suggesting	broad	suppression	of	disease	resistance	pathways	in	infected	
roots.	All	were	significantly	down-regulated	by	at	least	3.5-fold	and	some	by	as	much	as	7.5-fold.	
Many	were	non-significantly	up-regulated	at	3	DAI	before	being	significantly	repressed	at	9	DAI.	
All	down-regulated	ERFs	were	predicted	to	bind	the	GCC-box	found	in	promoters	of	
pathogenesis-related	genes,	a	result	consistent	with	the	repression	of	multiple	PR	protein	genes	
observed	at	9	DAI	(Figure	1.10,	above).		
Interestingly,	while	numerous	ERF	transcription	factors	were	down-regulated	in	infected	
roots,	genes	associated	with	ethylene	biosynthesis	itself	were	up-regulated.	The	gene	set	
corresponding	to	ethylene	biosynthesis	was	significantly	enriched	at	3	DAI	(Figure	1.14),	and	a	
gene	for	the	ethylene	biosynthesis	enzyme	ACC	oxidase	was	up-regulated	3.4-fold	at	9	DAI	
(Additional	File	4).		
DISCUSSION	
Root	infection	by	R.	reniformis	triggers	numerous	changes	in	the	morphology	and	
metabolism	of	endodermal	and	pericycle	cells,	ultimately	resulting	in	the	organogenesis	of	a	
permanent	feeding	site,	the	syncytium.	Previous	work	suggests	that	females	use	both	the	
mechanical	force	of	their	piercing	stylet	and	the	secretion	of	cell	wall-degrading	enzymes	to	
move	intracellularly	through	epidermal	and	cortical	cells	toward	the	stele	(Mitchum	et	al.,	2013;	
Smant	et	al.,	1998;	Wubben	et	al.,	2008a;	Wyss	and	Zunke,	1986).		At	3	DAI	in	our	study,	RNs	
were	observed	moving	through	the	host	root	cortex	and,	in	some	cases,	arriving	at	the	stele.	
Gene	expression	analyses	indicated	a	robust	transcriptional	response	to	nematode	infection	at	
this	early	stage,	with	up-regulation	of	hundreds	of	genes	involved	in	nitrogen	transport,	
ribosome	biosynthesis,	protein	synthesis,	hormone	metabolism,	and	defense.		
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After	reaching	the	endodermis,	the	female	reniform	nematode	inserts	her	stylet	into	a	
single	endodermal	cell	to	initiate	syncytium	formation.	Mature	syncytia	were	readily	apparent	at	
9	and	12	DAI	in	our	study;	by	the	latter	date,	interconnected	and	swollen	pericycle	cells	were	
visible	at	all	infection	sites.	Syncytia	continued	to	expand	through	day	12	and	were	
characterized	by	partial	cell	wall	dissolution	and	a	dense,	interconnected	cytoplasm.		
Previous	studies	have	shown	that	syncytial	cytoplasm	contains	an	increased	number	of	
small	vacuoles,	mitochondria,	dictyosomes,	rough	endoplasmic	reticulum	and	ribosomes	
(Agudelo	et	al.,	2005;	Jones,	1981;	Jones	and	Dropkin,	1975;	Rebois	et	al.,	1975).	These	
organelles	are	thought	to	support	the	continuous	carbohydrate	and	protein	metabolism	
required	to	sustain	the	female	nematode	(Grundler	and	Hofmann,	2011;	Hofmann	and	
Grundler,	2007).	The	massive	induction	of	large	and	small	ribosomal	subunit	genes	at	3	and	9	
DAI	in	our	study	is	consistent	with	the	increase	in	ribosomes	reported	in	previous	studies	and	
suggests	that	large-scale	protein	synthesis	is	required	for	nematode	nutrition	and/or	the	
construction	and	maintenance	of	syncytia.	
At	9	and	12	DAI,	the	transcriptional	response	was	primarily	characterized	by	down-
regulation.	Categories	of	down-regulated	genes	included	those	involved	with	cell	wall	structure,	
pathogenesis-related	proteins,	control	points	in	flavonoid	and	terpenoid	metabolism,	
aquaporins,	and	auxin,	cytokinin,	and	brassinosteroid	signaling.	A	large	number	of	transcription	
factors	from	the	AP2/ERF/DREB	family	were	strongly	down-regulated	on	dates	9	and	12,	
suggesting	a	broad	repression	of	disease	resistance	pathways	in	infected	roots.	An	exception	to	
the	general	theme	of	down-regulation	were	genes	and	gene	sets	associated	with	nitrogen	and	
iron	transport,	whose	expression	remained	elevated	throughout	all	stages	of	RN	parasitism.	
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Comparisons	with	other	parasitic	nematodes	
While	relatively	little	is	known	about	the	molecular	mechanisms	of	reniform	nematode	
parasitism,	two	other	groups	of	endoparasitic	nematodes	have	received	significant	attention:	
cyst	nematodes	(Heterodera	and	Globodera	spp.)	and	root-knot	nematodes	(Meloidogyne	spp.).	
Reniform	nematode	is	more	closely	related	to	the	syncytia-forming	cyst	nematodes	but	has	a	
much	broader	host	range,	a	trait	it	shares	with	some	root	knot	nematodes.	Our	results	highlight	
a	number	of	commonalities	among	the	three	host-parasite	systems.		
In	the	current	study,	wall	modifications	of	syncytial	cells	were	clearly	visible	at	9	and	12	
DAI,	including	partial	wall	breaks	and	marked	cell	hypertrophy.	Partial	wall	lysis	and	
enlargement	of	the	remaining	wall	presumably	requires	both	localized	degradation	of	structural	
polysaccharides	and	loosening	and	expansion	of	the	remaining	wall.	While	numerous	cell-wall	
genes	were	differentially	expressed	in	infected	roots,	they	were	almost	uniformly	down-
regulated,	including	those	coding	for	cell-wall	degrading	enzymes	such	as	cellulases,	pectinases,	
and	xylosidases.		Wall	lysis	may	therefore	have	occurred	mainly	response	to	the	nematode’s	
own	wall-degrading	enzymes.	Indeed,	recent	research	has	identified	at	least	three	cellulase	
genes	in	the	reniform	nematode	genome	(Wubben	et	al.,	2010a).		
Cell	wall	modification	also	occurs	in	feeding	sites	induced	by	RKN	and	CN,	both	of	which	
are	known	to	secrete	cell-wall	modifying	proteins	and/or	possess	the	genes	for	such	proteins.		
Altered	expression	of	the	host’s	own	cell	wall	genes	is	also	a	feature	of	RKN	and	CN	parasitism.	
Both	up-	and	down-regulated	genes	for	hemicellulose-metabolizing	enzymes	have	been	
reported	in	RKN-	and	CN-infected	plants	(Ithal	et	al.,	2007;	Jammes	et	al.,	2005).	Expression	of	
expansins	and	extensins	is	both	up-	and	down-regulated	in	RKN	and	CN	feeding	sites	[62–69].	
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Plant	cellulases	(endo-beta-1,4-glucanases)	are	up-regulated	by	RKN	and	CN	in	multiple	plant	
hosts	(Goellner	et	al.,	2001;	Karczmarek	et	al.,	2008;	Shani	et	al.,	1997;	Tucker	et	al.,	2007).		In	
contrast,	two	cellulases	were	down-regulated	by	RN	in	our	study.	Pectin	methylesterases,	which	
facilitate	wall	modification	and	can	promote	wall	breakdown,	were	down-regulated	in	both	the	
present	study	and	in	Arabidopsis	CN	syncytia.	A	separate	class	of	pectinolytic	enzymes,	the	
pectate	lyases,	were	down-regulated	in	our	study	but	up-regulated	in	CN	syncytia	and	RKN	giant	
cells	(Hudson,	2009;	Szakasits	et	al.,	2009).	All	three	nematodes	clearly	manipulate	cell	wall	gene	
expression,	but	available	data	suggest	they	may	not	do	so	in	an	identical	manner.	
Host	responses	to	RKN	and	CN	involve	the	jasmonic	acid	(JA)	and	salicylic	acid	(SA)	
signaling	pathways,	although	experiments	with	different	pathogen	systems	and	infection	stages	
have	yielded	contrasting	results.	While	repression	of	JA	biosynthesis	has	been	reported	in	
mature	CN	syncytia	and	RKN	giant	cells	(Ithal	et	al.,	2007;	Kyndt	et	al.,	2012),	elevated	JA	has	
been	observed	in	early	pre-syncytial	stages	of	CN	infection,	and	an	intact	JA	signaling	pathway	is	
required	for	tomato	RKN	susceptibility	(Bhattarai	et	al.,	2008;	Kammerhofer	et	al.,	2015).	SA	
appears	to	function	primarily	as	a	negative	regulator	of	both	CN	and	RKN	parasitism:	low	levels	
of	SA	are	sufficient	to	permit	RKN	basal	resistance	(Bhattarai	et	al.,	2008),	and	SA	synthesis	and	
signaling	mutants	have	higher	levels	of	CN	parasitism	(Wubben	et	al.,	2008b).	In	the	current	
study,	RN	infection	was	associated	with	a	transient	enrichment	of	JA	response	genes	at	3	DAI,	
followed	by	non-significant	depletion	of	the	same	gene	set	on	subsequent	dates.	Gene	sets	
associated	with	SA	signaling	and	biosynthesis	were	enriched	at	both	3	and	9	DAI.		
Previous	studies	have	documented	increased	ethylene	(ET)	production	in	RKN-infected	
tomato	roots	and	CN-infected	Arabidopsis	(Glazer	et	al.,	1983,	1985;	Goverse	and	Bird,	2011).	
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The	hormone	appears	to	have	a	positive	effect	on	infection:	ET-overproducing	Arabidopsis	
mutants	attract	more	CN	juveniles,	make	bigger	syncytia,	and	promote	the	development	of	
larger	females	(Goverse	et	al.,	2000;	Wubben	et	al.,	2001).	In	the	current	study,	reniform	
nematode	infection	was	associated	with	enrichment	of	the	“ethylene	biosynthesis”	gene	set	and	
with	up-regulation	of	ACC	oxidase	gene	expression,	findings	consistent	with	increased	ET	
production	in	infected	roots.			
The	involvement	of	auxin	and	auxin-related	gene	expression	has	been	reported	in	many	
studies	of	RKN	and	CN	parasitism	(Goverse	et	al.,	2000;	Goverse	and	Bird,	2011;	Grunewald	et	
al.,	2009a;	Hewezi	et	al.,	2014;	Hutangura	et	al.,	1999;	Karczmarek	et	al.,	2004;	Kyndt	et	al.,	
2016).	Polar	auxin	transport	is	essential	to	the	formation	of	CN-induced	syncytia	and	contributes	
to	the	accumulation	of	auxin	in	young	feeding	cells	(Goverse	et	al.,	2000;	Grunewald	et	al.,	
2009a,	2009b).	In	the	current	study,	genes	for	auxin	transport,	biosynthesis,	and	conjugation	
were	up-regulated	in	infected	roots	on	at	least	one	date,	and	an	ABC	family	auxin	polar	
transporter	was	up-regulated	on	all	dates.	Nonetheless,	the	expression	of	several	additional	
auxin	influx	and	efflux	carrier	genes	were	down-regulated.		Changes	in	auxin	homeostasis	and	
transport	clearly	occur	in	response	to	RN	infection,	but	an	understanding	of	specific	mechanisms	
will	require	measurements	on	individual	cells	and	cell	types	rather	than	whole	infected	roots.	
As	obligate	biotrophic	parasites,	RKN,	CN	and	RN	are	completely	dependent	on	plant-
derived	nutrition	supplied	by	their	feeding	sites.	RKN	and	CN	feeding	sites	function	as	strong	
sinks	for	the	continuous	import	of	solutes	and	resemble	transfer	cells	in	both	ultrastructure	and	
function	(Hammes	et	al.,	2005;	Hofmann	et	al.,	2010;	Rodiuc	et	al.,	2014).	Indeed,	CN-induced	
syncytia	have	been	estimated	to	take	up	solutes	equivalent	to	four	times	the	syncytium	volume	
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per	day	(Sijmons	et	al.,	1991).	Both	CN	and	RKN	alter	the	expression	of	host	genes	for	sugar,	
amino	acid,	ion,	and	water	transport	proteins	(Hammes	et	al.,	2005;	Hofmann	et	al.,	2010;	
Opperman	et	al.,	1994;	Szakasits	et	al.,	2009).	In	the	present	work,	five	aquaporins	from	the	TIP	
(tonoplast)	and	PIP	(plasma	membrane)	families	were	down-regulated	in	the	later	stages	of	
reniform	nematode	infection.	Several	sugar	transporters	were	differentially	expressed,	and	
numerous	transporters	for	iron	and	nitrogen	(as	nitrate,	ammonium,	amino	acids,	and	
glutamate)	were	up-regulated	across	multiple	dates.		The	specific	iron	transporter	induced	by	
infection,	vacuolar	iron	transporter	homolog	4,	is	also	known	as	nod21	and	has	also	been	
implicated	in	legume	nodulation.	Several	homologs	of	the	same	gene	were	also	strongly	up-
regulated	in	soybean	roots	infected	with	reniform	nematode	(Redding	et	al.,	2017).	
Recent	work	in	our	lab	has	documented	similarities	in	gene	expression	between	
nodulating	legumes	and	reniform-infected	soybean	roots	(Redding	et	al.,	2017).	Many	
transcriptomic	changes	reported	in	soybean	parallel	those	reported	here	for	cotton.	Early	
induction	of	large	and	small	ribosomal	subunit	genes,	broad	repression	of	cell	wall	gene	
expression,	and	down-regulation	of	numerous	ERF	transcription	factors	occurred	in	both	host	
species.	The	behavior	of	ammonium	transporters,	peroxidases,	and	extensins	was	similar.	A	
number	of	specific	genes	responded	similarly	in	both	hosts,	including	ACC	oxidase,	ABC	
transporter	B	family	member	15	(an	auxin	transporter),	the	transcription	factor	WUSCHEL	
homeobox	4,	and	a	transcription	factor	with	significant	similarity	to	LIGHT	DEPENDENT	SHORT	
HYPOCOTYLS.			
The	most	striking	difference	between	RN-infected	soybean	and	cotton	centered	on	the	
expression	of	genes	related	to	mitosis	and	cell	division.	While	these	were	repressed	in	infected	
		 25	
cotton	roots,	they	were	markedly	up-regulated	in	infected	soybean	roots.	In	addition,	soybean’s	
early	response	to	infection	was	dominated	by	transient	expression	of	many	components	of	the	
Rhizobial	nodulation	program.	It	is	not	yet	clear	what	underlies	these	host-specific	differences,	
but	recent	work	suggests	that	both	nematode	parasites	and	Rhizobial	symbionts	have	co-opted	
genes	involved	in	the	ancient	mycorrhizal	symbiosis	(Mathesius,	2003;	Suzaki	et	al.,	2015).	
Soybean’s	response	to	reniform	nematode	parasitism	may	therefore	be	complicated	by	the	
existence	of	a	parallel	nodulation	program,	aspects	of	which	also	respond	to	nematode	
effectors.	
CONCLUSION	
We	have	reported	485	differentially	expressed	genes	and	233	significantly	enriched	
gene	sets	in	the	roots	of	reniform	nematode-infected	cotton	plants.	This	study	provides	a	broad	
transcriptomic	overview	of	the	compatible	interaction	between	reniform	nematode	and	a	
susceptible	cotton	host	at	the	level	of	the	whole	root.		Candidate	genes	identified	here	can	be	
functionally	characterized	to	further	investigate	their	functions	in	specific	tissues	and	infection	
stages.	Genes	manipulated	by	reniform	nematode	may	be	targeted	for	the	breeding	and	
engineering	of	resistant	cotton	varieties.	Future	work	on	the	relationship	between	RN	effectors	
and	cotton	root	responsive	genes	will	help	us	better	understand	how	RNs	can	co-manipulate	
developmental	and	defense	gene	networks	in	multiple,	distantly	related	plant	families.	 	
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Table	1.1.	Top	20	significantly	up-regulated	genes	in	infected	roots	at	3	time	points	following	
inoculation.	
	
	Sequence	ID	 	Description	
Log2FC	
estimate	
		
Mean	Normalized	Counts	
	Infected	 	Control	
3	DAI	
comp42042_c0	 actin	depolymerizing	factor	 5.36	 175	 0	
comp146897_c0	60S	ribosomal	protein	L7a-2-like	 5.31	 248	 1	
comp57808_c0	 glutathione	S-transferase	T1-like	 5.06	 253	 2	
comp45929_c0	 60S	ribosomal	protein	L15	 5.02	 241	 2	
comp143528_c0	60S	ribosomal	protein	L37	 4.84	 152	 1	
comp111802_c0	40S	ribosomal	protein	S3-2-like	 4.83	 231	 0	
comp150001_c0	60S	ribosomal	protein	L28	 4.63	 126	 1	
comp47166_c0	 60S	ribosomal	protein	L17	 4.63	 176	 2	
comp76924_c0	 nascent	polypeptide	associated	complex	α-chain	 4.60	 95	 0	
comp77070_c0	 60s	ribosomal	protein	l34-b	 4.59	 125	 1	
comp154231_c0	40S	ribosomal	protein	S15-like	 4.53	 102	 0	
comp152532_c0	40S	ribosomal	protein	S2-3-like	 4.48	 91	 0	
comp54038_c0	 60S	acidic	ribosomal	protein	P1	 4.40	 101	 1	
comp134769_c0	cytochrome	P450	82C4-like	 4.27	 105	 1	
comp73597_c0	 60S	ribosomal	protein	L18a	 4.22	 75	 0	
comp116534_c0	high-affinity	nitrate	transporter	 4.20	 1377	 52	
comp149729_c0	60S	ribosomal	protein	L6	 4.09	 66	 0	
comp132194_c0	Senescence-related	gene	1	(SRG1)	 3.97	 89	 0	
comp175709_c0	40S	ribosomal	protein	S19-1	 3.93	 66	 1	
		 36	
comp113933_c0	ABC	transporter	E	family	member	2	 3.82	 53	 0	
9	DAI	
comp125930_c1	uncharacterized	protein	 3.12	 80	 3	
comp111409_c0	actin	depolymerizing	factor	 2.70	 103	 8	
comp124459_c0	60S	ribosomal	protein	L7a-2	 2.57	 196	 15	
comp115969_c0	60s	acidic	ribosomal	protein	p2	 2.55	 95	 9	
comp109067_c0	desoxyhemigossypol-6-O-methyltransferase	 2.52	 213	 25	
comp86858_c0	 calcium-binding	EF-hand	family	 2.45	 135	 23	
comp114178_c0	alpha/beta-hydrolases	superfamily	protein	 2.43	 230	 32	
comp150815_c0	UDP-glycosyltransferase		 2.32	 70	 5	
comp121989_c0	F-box	family	protein	 2.27	 98	 21	
comp123470_c0	serine/threonine-protein	kinase	STY17-like	 2.26	 497	 66	
comp133561_c0	high-affinity	nitrate	transporter	2:1	 2.23	 84	 9	
comp116388_c0	40S	ribosomal	protein	S13	 2.20	 64	 8	
comp75377_c0	 ammonium	transporter	1,	2	 2.17	 108	 16	
comp92812_c0	 flowering-promoting	factor	1-like	 2.15	 198	 29	
comp118310_c0	60S	ribosomal	protein	L21-1	 2.13	 276	 51	
comp129671_c0	glutamate	receptor	 2.13	 4495	 960	
comp121159_c0	protein	niban	 2.11	 114	 23	
comp110481_c0	ammonium	transporter	1,	2	 2.11	 207	 46	
comp101761_c0	uncharacterized	protein	 2.10	 333	 81	
comp118531_c0	eukaryotic	translation	initiation	factor	 2.10	 483	 98	
12	DAI	
comp56797_c0	 desiccation-related	protein	PCC13-62-like	 2.89	 258	 2	
comp127724_c0	glutathione	S-transferase	 2.17	 1077	 195	
comp92812_c0	 flowering-promoting	factor	1-like	protein	 2.12	 185	 25	
		 37	
comp104553_c0	flowering-promoting	factor	1-like	protein	 2.08	 205	 27	
comp38703_c0	 peroxygenase	2	 1.84	 48	 6	
comp112332_c0	cellulose	synthase-like	protein	G2	 1.78	 585	 138	
comp91931_c0	 putative	beta-galactosidase	 1.75	 87	 10	
comp83443_c0	 uncharacterized	protein	 1.74	 345	 77	
comp101859_c0	uncharacterized	protein	 1.73	 164	 36	
comp63492_c0	 phytosulfokines	3	protein	 1.67	 228	 36	
comp114316_c0	peroxidase	10	 1.67	 907	 159	
comp123585_c0	FAD-dependent	urate	hydroxylase-like	 1.64	 580	 136	
comp102937_c0	ABC	transporter	B	family	member	15-like	 1.62	 1997	 477	
comp110390_c0	vacuolar	iron	transporter	 1.58	 72	 14	
comp121692_c0	peroxidase	superfamily	protein	 1.56	 198	 39	
comp99919_c0	 stress	induced	protein	 1.53	 272	 68	
comp127117_c0	aluminum-activated	malate	transporter	 1.51	 246	 52	
comp132597_c0	PR4	endochitinase	 1.51	 563	 135	
comp134769_c0	cytochrome	P450	82C4-like	 1.50	 301	 60	
comp114135_c0	ubiquitin-conjugating	enzyme/RWD-like	protein	 1.50	 131	 34	
	
FDR	=0.05,	genes	were	ranked	based	on	Log2FC	estimate.	Log2FC:	Log2FoldChange.	DAI:	days	
after	inoculation.		 	
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Table	1.2.	Top	20	significantly	down-regulated	genes	in	infected	roots	at	3	time	points	
following	inoculation.	
	
Sequence_ID	 Description	
Log2FC	
estimate	
Mean	Normalized	
Counts	
Infected	 Control	
3	DAI	
comp130951_c0	 VDRG6/major	latex	protein	 -2.76	 20	 194	
comp109158_c0	 alcohol	dehydrogenase	A	 -2.75	 3957	 34872	
comp113469_c0	 peroxidase	66	 -2.63	 7	 84	
comp151125_c0	 probable	pectate	lyase	5	 -2.62	 2	 54	
comp127470_c0	 probable	beta-D-xylosidase	5	 -2.61	 51	 390	
comp85432_c0	 pathogenesis-related	protein	1-like	 -2.60	 124	 623	
comp64631_c0	 non-specific	lipid-transfer	protein	 -2.60	 92	 665	
comp105034_c0	
mannan	endo-1,4-beta-
mannosidase	6-like	 -2.59	 7	 75	
comp186898_c0	
temperature-induced	lipocalin-1-
like	 -2.50	 1	 42	
comp131902_c0	 beta-amylase	1	 -2.45	 15	 85	
comp105153_c0	
bidirectional	sugar	transporter	
SWEET4	 -2.45	 32	 128	
comp88048_c0	 limonoid	UDP-glucosyltransferase	 -2.29	 1	 32	
comp104850_c0	 pistil-specific	extensin	 -2.26	 23	 171	
comp124712_c0	 cellulose	synthase	 -2.24	 4	 43	
comp113465_c0	 RING-H2	finger	ATL74	 -2.22	 5	 59	
comp38296_c0	
probable	carotenoid	cleavage	
dioxygenase	4	 -2.16	 8	 59	
comp120927_c0	 auxin	influx	carrier	protein	 -2.14	 81	 437	
		 39	
comp122313_c0	
glucan	endo-1,3-beta-glucosidase	
GNS1-like	 -2.13	 52	 335	
comp101297_c0	
invertase/pectin	methylesterase	
inhibitor	 -2.07	 20	 111	
comp95382_c0	 chemocyanin-like	protein	 -2.05	 20	 116	
9	DAI		
comp118835_c0	
leucine	rich	repeat	extensin	like	
protein	 -3.72	 9	 211	
comp126651_c0	 cytochrome	P450	94A2	 -3.46	 3	 195	
comp100257_c0	 putative	proline-rich	protein	 -3.39	 14	 302	
comp104850_c0	 pistil-specific	extensin-like	protein	 -3.22	 23	 352	
comp120518_c0	 pectinesterase-like	protein	 -3.16	 4	 91	
comp102883_c0	
ethylene-responsive	transcription	
factor	TINY	 -2.91	 3	 80	
comp127614_c0	
leucine-rich	repeat	extensin-like	
protein	2	 -2.88	 39	 484	
comp85533_c0	
ethylene-responsive	transcription	
factor	TINY	 -2.84	 3	 87	
comp121704_c0	 uncharacterized	protein	 -2.84	 0	 41	
comp103343_c0	 putative	lipid	binding	protein	 -2.74	 258	 2037	
comp108018_c0	 lipid	transfer	protein	VAS-like	 -2.73	 1	 46	
comp118272_c0	
respiratory	burst	oxidase	homolog	
D-like	 -2.71	 7	 86	
comp112133_c0	 transcription	factor	TGA4-like	 -2.66	 5	 75	
comp111890_c0	 uncharacterized	protein	 -2.65	 1036	 5819	
comp111266_c0	
ethylene-responsive	transcription	
factor	ERF020	 -2.65	 21	 211	
comp116548_c0	 osmotin/thaumatin-like	protein	 -2.63	 236	 2059	
comp112979_c0	 uncharacterized	protein	 -2.60	 49	 339	
		 40	
comp64631_c0	 non-specific	lipid-transfer	protein	 -2.58	 156	 1321	
comp124572_c0	 alpha-L-fucosidase	2	 -2.58	 29	 255	
comp113163_c0	 alpha-L-fucosidase	2	 -2.57	 31	 261	
12	DAI	
comp98012_c0	
RADIALIS-like	3/DNAJ	subfamily	
member	 -2.76	 4	 100	
comp121369_c0	 bacterial-induced	peroxidase	 -2.49	 4	 86	
comp104850_c0	 pistil-specific	extensin-like	protein	 -2.47	 37	 420	
comp126651_c0	 cytochrome	P450	94A2	 -2.17	 1	 51	
comp151125_c0	 pectate	lyase	 -2.16	 10	 139	
comp127614_c0	 leucine-rich	repeat	extensin	2	 -2.16	 57	 486	
comp120518_c0	 pectinesterase-like	protein	 -2.10	 6	 70	
comp64631_c0	 non-specific	lipid-transfer	protein	 -2.09	 203	 1115	
comp116591_c0	
probable	auxin	efflux	carrier	
component	 -1.83	 44	 205	
comp124777_c0	 zinc	finger	protein	MAGPIE-like	 -1.83	 47	 232	
comp113485_c0	 non-specific	lipid-transfer	protein	 -1.82	 370	 1741	
comp94679_c0	 non-specific	lipid-transfer	protein		 -1.76	 619	 2955	
comp116548_c0	 osmotin/thaumatin-like	protein	 -1.72	 608	 2365	
comp111791_c0	 lysine	histidine	transporter		 -1.68	 17	 92	
comp122043_c0	 aquaporin	gamma	TIP	 -1.66	 63	 286	
comp111890_c0	 uncharacterized	protein	 -1.64	 612	 3318	
comp101941_c0	 hybrid	proline-rich	protein	 -1.62	 38	 218	
comp97650_c0	 germin	protein	 -1.62	 24	 134	
comp104218_c0	 EXORDIUM-like	2/	phi1	 -1.62	 4	 57	
comp96856_c0	
ASPARTIC	PROTEASE	IN	GUARD	
CELL	2	 -1.61	 73	 279	
		 41	
	
FDR	=0.05,	genes	were	ranked	based	on	Log2FC	estimate.	Log2FC:	Log2FoldChange.	DAI:	days	
after	inoculation.
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Table	1.3.	Consistently	differentially	expressed	genes	across	all	sampling	dates.	
	
FDR	=0.05,	genes	were	ranked	based	on	Log2FC	estimate.	Log2FC:	Log2FoldChange.	DAI:	days	after	inoculation.	
Sequence	ID	
		
	Description	
		
3	DAI	Normalized	Counts	 9	DAI	Normalized	Counts	 12	DAI	Normalized	Counts	
Log2FC	 Infected	 Control	 Log2FC	 Infected	 Control	 Log2FC	 Infected	 	Control	
comp134769_c0	 cytochrome	P450	82C4-like	 4.27	 105	 1	 1.78	 992	 206	 1.50	 301	 60	
comp102937_c0	
ABC	transporter	B	family	member	
15-like	 3.32	 493	 36	 1.63	 4478	 1069	 1.62	 1997	 477	
comp127724_c0	 glutathione	S-transferase	tau	19	 2.25	 368	 37	 1.80	 1474	 266	 2.17	 1077	 195	
comp125298_c0	 uncharacterized	DUF1645	protein	 2.09	 7401	 1240	 1.49	 3462	 1378	 1.22	 2248	 807	
comp94679_c0	
non-specific	lipid-transfer	protein	
2-like	 -1.84	 336	 1319	 -2.23	 309	 2360	 -1.76	 619	 2955	
comp113485_c0	 non-specific	lipid-transfer	protein	 -1.88	 262	 1115	 -2.18	 273	 1683	 -1.82	 370	 1741	
comp104850_c0	
pistil-specific	extensin-like	
protein	 -2.26	 23	 171	 -3.22	 23	 352	 -2.47	 37	 420	
comp105153_c0	
bidirectional	sugar	transporter	
SWEET4	 -2.45	 32	 128	 -1.99	 30	 176	 -1.40	 76	 271	
comp64631_c0	
non-specific	lipid-transfer	protein	
2-like	 -2.60	 92	 665	 -2.58	 156	 1321	 -2.09	 203	 1115	
		 43	
Table	1.4.	Top	significantly	enriched	gene	sets	in	nematode-infected	cotton	roots	at	3	
time	points	following	inoculation.	
3	DAI	
Gene	set	 Description	 Type	 NES	 p-adj	
GO:0010200	 response	to	chitin	 BP	 2.39	 0	
GO:0004872	 receptor	activity	 MF	 2.35	 0	
GO:0002679	 respiratory	burst	involved	in	defense	response	 BP	 2.33	 0	
GO:0006862	 nucleotide	transport	 BP	 2.3	 0	
GO:0043269	 regulation	of	ion	transport	 BP	 2.27	 0	
GO:0015706	 nitrate	transport	 BP	 2.24	 0	
GO:0015802	 basic	amino	acid	transport	 BP	 2.22	 0	
GO:0015696	 ammonium	transport	 BP	 2.14	 0	
GO:0009738	 abscisic	acid-activated	signaling	pathway	 BP	 2.09	 0	
GO:0043069	 negative	regulation	of	programmed	cell	death	 BP	 2.09	 0	
GO:0015824	 proline	transport	 BP	 2.06	 0	
GO:0009627	 systemic	acquired	resistance	 BP	 2.03	 0.01	
GO:0030968	 endoplasmic	reticulum	unfolded	protein	response	 BP	 2.03	 0.01	
GO:0020037	 heme	binding	 MF	 2.01	 0.01	
GO:0010363	 regulation	of	plant-type	hypersensitive	response	 BP	 2	 0.01	
GO:0008299	 isoprenoid	biosynthetic	process	 BP	 1.98	 0.01	
GO:0043090	 amino	acid	import	 BP	 1.96	 0.01	
GO:0009863	 salicylic	acid	mediated	signaling	pathway	 BP	 1.96	 0.01	
EC:3.6.3.28	 phosphonate-transporting	ATPase	 EC	 1.96	 0.01	
GO:0010167	 response	to	nitrate	 BP	 1.95	 0.01	
9	DAI	
GO:0016705	 oxidoreductase	activity,	acting	on	paired	donors,	with	incorporation	or	reduction	of	molecular	oxygen	 MF	 2.52	 0	
GO:0015706	 nitrate	transport	 BP	 2.36	 0	
GO:0020037	 heme	binding	 MF	 2.31	 0	
GO:0004497	 monooxygenase	activity	 MF	 2.29	 0	
GO:0010167	 response	to	nitrate	 BP	 2.28	 0	
GO:0010106	 cellular	response	to	iron	ion	starvation	 BP	 2.07	 0	
		 44	
GO:0004872	 receptor	activity	 MF	 2.06	 0	
GO:0009697	 salicylic	acid	biosynthetic	process	 BP	 1.98	 0.01	
GO:0010260		 animal	organ	senescence	 BP	 1.96	 0.02	
GO:0005506	 iron	ion	binding	 MF	 1.95	 0.02	
GO:0006826	 iron	ion	transport	 BP	 1.93	 0.02	
GO:0016881	 acid-amino	acid	ligase	activity	 MF	 1.88	 0.04	
GO:0016706	
oxidoreductase	activity,	acting	on	paired	donors,	with	
incorporation	or	reduction	of	molecular	O2,	2-
oxoglutarate	as	one	donor,	and	incorporation	of	one	
atom	each	of	O2	into	both	donors	
MF	 1.84	 0.05	
GO:0009610	 response	to	symbiotic	fungus	 BP	 1.84	 0.05	
EC:1.14.11	
oxidoreductase	acting	on	paired	donors	with	2-
oxoglutarate	as	one	donor,	and	incorporation	of	one	
atom	each	of	O2	into	both	donors	
EC	 1.84	 0.04	
12	DAI	
GO:0010106	 cellular	response	to	iron	ion	starvation	 BP	 2.25	 0	
GO:0015706	 nitrate	transport	 BP	 2.04	 0.02	
GO:0010033	 response	to	organic	substance	 BP	 2.04	 0.02	
GO:0010167	 response	to	nitrate	 BP	 1.98	 0.02	
GO:0006826	 iron	ion	transport	 BP	 1.93	 0.04	
GO:0002679	 respiratory	burst	involved	in	defense	response	 BP	 1.9	 0.05	
		
FDR	=0.05,	gene	sets	were	ranked	by	GSEA	normalized	enrichment	score.	Top	20	(of	62)	
enriched	gene	sets	are	shown	for	3	DAI;	only	14	and	6	gene	sets	were	significantly	enriched	at	9	
and	12	days	after	inoculation	(DAI),	respectively.	NES:	normalized	enrichment	score.	BP:	
biological	process.	CC:	cellular	component.	MF:	molecular	function.	
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Table	1.5.	Top	significantly	depleted	gene	sets	in	nematode-infected	cotton	roots	at	3	
time	points	following	inoculation.	
	
3	DAI	
Gene	set	 Description	 Type	 NES	 p-adj	
GO:0009664	 plant-type	cell	wall	organization	 BP	 -2.42	 0.00	
GO:0010014	 meristem	initiation	 BP	 -2.41	 0.00	
GO:0009834	 plant-type	secondary	cell	wall	biogenesis	 BP	 -2.39	 0.00	
GO:0009855	 determination	of	bilateral	symmetry	 BP	 -2.35	 0.00	
GO:0010075	 regulation	of	meristem	growth	 BP	 -2.30	 0.00	
GO:0008017	 microtubule	binding	 MF	 -2.29	 0.00	
GO:0010089	 xylem	development	 BP	 -2.28	 0.00	
GO:0048451	 petal	formation	 BP	 -2.26	 0.00	
GO:0010413	 glucuronoxylan	metabolic	process	 BP	 -2.26	 0.00	
GO:0048453	 sepal	formation	 BP	 -2.26	 0.00	
GO:0045492	 xylan	biosynthetic	process	 BP	 -2.25	 0.00	
GO:0007018	 microtubule-based	movement	 BP	 -2.24	 0.00	
GO:0005871	 kinesin	complex	 CC	 -2.15	 0.00	
GO:0010103	 stomatal	complex	morphogenesis	 BP	 -2.13	 0.00	
GO:0010020	 chloroplast	fission	 BP	 -2.12	 0.00	
GO:0003777	 microtubule	motor	activity	 MF	 -2.10	 0.00	
GO:0009501	 amyloplast	 CC	 -2.08	 0.00	
GO:0009944	 polarity	specification	of	adaxial/abaxial	axis	 BP	 -2.06	 0.00	
GO:0010027	 thylakoid	membrane	organization	 BP	 -2.05	 0.00	
GO:0051567	 histone	H3-K9	methylation	 BP	 -2.04	 0.00	
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9	DAI	
GO:0000911	 cytokinesis	by	cell	plate	formation	 BP	 -2.92	 0.00	
GO:0008017	 microtubule	binding	 MF	 -2.90	 0.00	
GO:0007018	 microtubule-based	movement	 BP	 -2.83	 0.00	
GO:0005871	 kinesin	complex	 CC	 -2.72	 0.00	
GO:0006270	 DNA	replication	initiation	 BP	 -2.69	 0.00	
GO:0003777	 microtubule	motor	activity	 MF	 -2.66	 0.00	
GO:0010389	 regulation	of	G2/M	transition	of	mitotic	cell	cycle	 BP	 -2.65	 0.00	
GO:0051567	 histone	H3-K9	methylation	 BP	 -2.63	 0.00	
GO:0006275	 regulation	of	DNA	replication	 BP	 -2.58	 0.00	
GO:0000226	 microtubule	cytoskeleton	organization	 BP	 -2.58	 0.00	
GO:0006306	 DNA	methylation	 BP	 -2.57	 0.00	
GO:0006342	 chromatin	silencing	 BP	 -2.56	 0.00	
GO:0016572	 histone	phosphorylation	 BP	 -2.53	 0.00	
GO:0008283	 cell	proliferation	 BP	 -2.51	 0.00	
GO:0010075	 regulation	of	meristem	growth	 BP	 -2.47	 0.00	
GO:0005874	 microtubule	 CC	 -2.47	 0.00	
GO:0051225	 spindle	assembly	 BP	 -2.46	 0.00	
GO:0009505	 plant-type	cell	wall	 CC	 -2.44	 0.00	
GO:0031048	 chromatin	silencing	by	small	RNA	 BP	 -2.44	 0.00	
GO:0006084	 acetyl-CoA	metabolic	process	 BP	 -2.41	 0.00	
12	DAI	
GO:0009505	 plant-type	cell	wall	 CC	 -2.80	 0.00	
GO:0000911	 cytokinesis	by	cell	plate	formation	 BP	 -2.66	 0.00	
GO:0046658	 anchored	component	of	plasma	membrane	 CC	 -2.65	 0.00	
		 47	
GO:0051567	 histone	H3-K9	methylation	 BP	 -2.53	 0.00	
GO:0008017	 microtubule	binding	 MF	 -2.46	 0.00	
GO:0007018	 microtubule-based	movement	 BP	 -2.45	 0.00	
GO:0010389	 regulation	of	G2/M	transition	of	mitotic	cell	cycle	 BP	 -2.43	 0.00	
GO:0009664	 plant-type	cell	wall	organization	 BP	 -2.42	 0.00	
GO:0009834	 plant-type	secondary	cell	wall	biogenesis	 BP	 -2.40	 0.00	
GO:0009832	 plant-type	cell	wall	biogenesis	 BP	 -2.36	 0.00	
GO:0005871	 kinesin	complex	 CC	 -2.36	 0.00	
GO:0006270	 DNA	replication	initiation	 BP	 -2.35	 0.00	
GO:0000226	 microtubule	cytoskeleton	organization	 BP	 -2.32	 0.00	
GO:0016572	 histone	phosphorylation	 BP	 -2.28	 0.00	
GO:0006084	 acetyl-CoA	metabolic	process	 BP	 -2.26	 0.00	
GO:0051225	 spindle	assembly	 BP	 -2.25	 0.00	
GO:0003777	 microtubule	motor	activity	 MF	 -2.25	 0.00	
EC:3.2.1.23	 β-galactosidase	 EC	 -2.24	 0.00	
GO:0005874	 microtubule	 CC	 -2.24	 0.00	
GO:0008361	 regulation	of	cell	size	 BP	 -2.23	 0.00	
	
FDR	=0.05,	gene	sets	were	ranked	by	GSEA	normalized	enrichment	score.	DAI:	days	after	
inoculation.	NES:	normalized	enrichment	score.	BP:	biological	process.	CC:	cellular	component.	
MF:	molecular	function.	
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Figure	1.1	Split	root	system	used	for	cotton	plant	culture	and	inoculation.	Root	systems	of	
individual	plants	were	split	into	two	different	pots	with	the	help	of	a	Y-shaped	plastic	tube.	Half	
of	each	root	system	was	inoculated	with	reniform	nematodes	(3000	reniform	nematodes/pot);	
the	other	pot	received	an	equal	volume	of	tap	water.	
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Figure	1.2	Acid	fuchsin-stained	cotton	roots	and	reniform	nematodes.	Photographs	were	taken	
at	100X	magnifications	at	3	(a),	9	(b),	and	12	(c-d)	days	after	inoculation	(DAI).	
		 50	
	
Figure	1.3	Histopathological	section	of	reniform	nematode	penetration	and	syncytium	
formation.	a:	Penetrating	vermiform	nematodes	in	cotton	cortex	cells	at	3	DAI.	b:	Syncytium	
with	areas	of	cell	wall	lysis	visible	between	pericycle	cells	at	9	DAI.	c:	Fully	mature	syncytium	
with	interconnected	cytoplasm,	numerous	vacuoles,	and	an	increased	number	and	size	of	
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organelles	at	12	DAI.	d.	Mature	kidney-shaped	reniform	nematode	with	egg	mass	at	12	DAI.	Ne:	
Reniform	nematode.	SC:	Syncytial	cells.	EM:	Egg	mass.	DAI:	Days	after	inoculation.	
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Figure	1.4	PCA	plot.	Principal	components	analysis	(PCA)	of	rlog	transformed	count	data	for	all	
genes	in	control	and	inoculated	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.		
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Figure	1.5	Number	of	differentially	expressed	genes	in	infected	cotton	roots	on	3	dates	after	
inoculation	with	reniform	nematode	(FDR=0.05).	Black	bars	represent	up-regulated	genes;	gray	
bars	represent	down-regulated	genes.	DAI:	Days	after	inoculation.	
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Figure	1.6	Number	of	significantly	enriched	or	depleted	gene	sets	in	infected	cotton	roots	on	3	
dates	after	inoculation	with	reniform	nematode	(FDR=0.05).	Black	bars	represent	enriched	
gene	sets;	gray	bars	represent	depleted	gene	sets.	DAI:	Days	after	inoculation.	
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Figure	1.7	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
ribosomes	and	protein	translation	in	infected	cotton	roots	on	3	dates	after	inoculation	with	
reniform	nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	
respectively.	Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).	Sequence	IDs	for	
each	gene	in	the	assembled	transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	
Log2FC:	Log2FoldChange.	
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Figure	1.8	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	cell	
wall	synthesis,	modification,	and	degradation	in	infected	cotton	roots	on	3	dates	after	
inoculation	with	reniform	nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	
root	tissues,	respectively.	Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).		
Numbers	behind	gene	names	correspond	to	Sequence	IDs	in	the	assembled	transcriptome.	DAI:	
Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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Figure	1.9	Enriched	and	depleted	genes	sets	associated	with	cell	wall	synthesis,	modification,	
and	degradation	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	
Positive	or	negative	GSEA	normalized	enrichment	scores	(NES)	indicate	genes	sets	enriched	or	
depleted	in	infected	roots,	respectively.	Black	bars	indicate	significant	enrichment	or	depletion	
(FDR=0.05);	grey	bars	indicate	non-significant	differences.	DAI:	Days	after	inoculation.	
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Figure	1.10	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	regarding	signal	
transduction,	pathogen	response,	and	secondary	metabolism	in	infected	cotton	roots	on	3	
dates	after	inoculation	with	reniform	nematode.	Top	and	bottom	panels	show	genes	associated	
with	signal	transduction/pathogen	responses	and	secondary	metabolism,	respectively.	Red	and	
blue	indicate	up-	and	down-regulation	in	infected	roots,	respectively.	Asterisks	indicate	
significant	differences	in	expression	(FDR=0.05).		Numbers	behind	gene	names	correspond	to	
Sequence	IDs	in	the	assembled	transcriptome.	DAI:	Days	after	inoculation.	Log2FC:	
Log2FoldChange.	
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Figure	1.11	Enriched	and	depleted	genes	sets	associated	with	associated	with	signal	
transduction	and	pathogen	response	in	infected	cotton	roots	on	3	dates	after	inoculation	with	
reniform	nematode.	Positive	or	negative	normalized	enrichment	scores	(NES)	indicate	genes	
sets	that	were	enriched	or	depleted	in	infected	roots,	respectively.	Black	bars	indicate	significant	
enrichment	or	depletion	(FDR=0.05);	grey	bars	indicate	non-significant	differences.	DAI:	Days	
after	inoculation.	
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Figure	1.12	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
cell	cycle	regulation	and	mitosis	in	infected	cotton	roots	on	3	dates	after	inoculation.	Red	and	
blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	Asterisks	indicate	
significant	differences	in	expression	(FDR=0.05).		Numbers	behind	gene	names	correspond	to	
Sequence	IDs	in	the	assembled	transcriptome.	DAI:	Days	after	inoculation.	Log2FC:	
Log2FoldChange.	
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Figure	1.13	Enriched	and	depleted	genes	sets	associated	with	cell	cycle	regulation	and	mitosis	
in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	Positive	or	
negative	normalized	enrichment	scores	(NES)	indicate	genes	sets	that	were	enriched	or	
depleted	in	infected	roots,	respectively.	Black	bars	indicate	significant	enrichment	or	depletion	
(FDR=0.05);	grey	bars	indicate	non-significant	differences.	DAI:	Days	after	inoculation.	
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Figure	1.14	Enriched	and	depleted	genes	sets	associated	with	hormones	and	differentially-
expressed	auxin-related	genes	in	infected	cotton	roots	on	3	dates	after	inoculation.	Positive	or	
negative	normalized	enrichment	scores	(NES)	indicate	genes	sets	that	were	enriched	or	
depleted	in	infected	roots,	respectively.	Black	bars	indicate	significant	enrichment	or	depletion	
(FDR=0.05);	grey	bars	indicate	non-significant	differences.	DAI:	Days	after	inoculation.	
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Figure	1.15	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
transport	in	infected	cotton	roots	on	3	dates	after	inoculation.	Red	and	blue	indicate	up-	and	
down-regulation	in	infected	root	tissues,	respectively.	Asterisks	indicate	significant	differences	
in	expression	(FDR=0.05).		Numbers	behind	gene	names	correspond	to	Sequence	IDs	in	the	
assembled	transcriptome.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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Figure	1.16	Enriched	and	depleted	genes	sets	associated	with	transport	in	infected	cotton	
roots	on	3	dates	after	inoculation	with	reniform	nematode.	Positive	or	negative	normalized	
enrichment	scores	(NES)	indicate	genes	sets	that	were	enriched	or	depleted	in	infected	roots,	
respectively.	Black	bars	indicate	significant	enrichment	or	depletion	(FDR=0.05);	grey	bars	
indicate	non-significant	differences.	
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Figure	1.17	Heatmap	of	Log2FC	estimates	for	differentially-expressed	transcription	factors	in	
infected	cotton	roots	on	3	dates	after	inoculation.	Red	and	blue	indicate	up-	and	down-
regulation	in	infected	root	tissues,	respectively.	Asterisks	indicate	significant	differences	in	
expression	(FDR=0.05).		Numbers	behind	gene	names	correspond	to	Sequence	IDs	in	the	
assembled	transcriptome.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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CHAPTER	TWO	
PLANT	HORMONE	MANIPULATION	BY	RENIFORM	NEMATODE	(ROTYLENCHULUS	
RENIFORMIS)	DURING	SYNCYTIUM	ESTABLISHMENT	AND	ITS	EFFECT	ON	UPLAND	
COTTON	(GOSSYPIUM	HIRSUTUM)	ROOT	ARCHITECTURE	
ABSTRACT	
Reniform	nematode	(Rotylenchulus	reniformis)	parasitism	of	upland	cotton	(Gossypium	
hirsutum)	involves	anatomical	and	metabolic	modification	of	root	pericycle	cells,	the	same	cells	
from	which	lateral	roots	emerge.	We	investigated	the	effect	of	reniform	nematode	parasitism	
on	lateral	root	formation	in	upland	cotton,	as	well	as	the	effect	of	parasitism	on	the	expression	
of	142	genes	with	known	roles	in	lateral	root	development.	Root	system	architectural	
parameters	were	measured	in	both	split-root	and	germination	pouch	culture	systems.	
Histological	observations	documented	the	progress	of	syncytium	formation	through	time.	
Transcriptome	data,	and	histological	observations	indicate	three	distinct	stages	exists	during	
reniform	nematodes	infect	cotton	roots:	initiation,	expansion,	and	maintenance.	In	total,	142	
differentially	expressed	(DE)	cotton	root	genes	and	18	gene	sets	were	selected	with	their	
potential	functions	in	root	system	architecture	modification.	DE	root	system	architecture	genes	
and	gene	sets	involved	in	plant	hormone	manipulation,	particularly	auxin,	and	root	
morphogenesis.	During	reniform	nematode	parasitism,	significantly	higher	fractal	dimension,	
total	root	length,	and	numbers	of	forks	were	observed	in	both	plant	culture	systems.	In	
conclusion,	there	are	many	similarities	shared	between	nematode	feeding	site	formation	and	
lateral	root	development;	reniform	nematode	parasitism	increases	branching	complexity	in	
cotton	roots	and	alters	hormone-related	gene	expression,	particularly	auxin.	Changes	in	auxin	
signaling	and	transport	may	result	in	modified	root	system	architecture.			
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INTRODUCTION	
Most	plant	root	systems	consist	of	a	primary	root	(PR)	formed	during	embryogenesis	
and	lateral	roots	(LRs)	that	branch	out	from	the	PR	(Nibau	et	al.,	2008).	The	emergence	of	LRs	
greatly	increases	the	total	surface	area	of	the	root	system	in	contact	with	the	surrounding	soil.	
Root	system	architecture	(RSA)	refers	to	the	spatial	configuration	of	plant	roots	(Lynch,	1995);	
its		primary	components	are	topology	(i.e.	the	pattern	of	branch	distribution)	and	geometry	
(including	inter-branch	distances,	branching	angle	and	branch	density)	(Beidler	et	al.,	2015;	Jung	
and	McCouch,	2013).	Plant	RSA	been	shown	to	exhibit	fractal	properties,	or	self-similarity	on	
multiple	spatial	scales,	as	quantified	by	the	fractal	dimension,	D		(Tatsumi	et	al.,	1989).		
Changes	in	RSA	are	associated	with	the		plant’s	ability	to	obtain	water	and	nutrients,	
resulting	in	differences	in	crop	yield	and	performance	in	different	environments	(Beidler	et	al.,	
2015;	Fitter,	1987;	Fitter	et	al.,	1991;	Williamson	and	Lawton,	1991).	In	plants	with	a	tap	root	
system,	such	as	upland	cotton	(Gossypium	hirsutum),	frequency	and	patterns	of	LR	production	
are	important	determinants	of	RSA.		
LRs	initiate	from	the	pericycle	of	the	parent	root	(Nibau	et	al.,	2008)	following	
stimulation	and	dedifferentiation	of	pericycle	founder	cells.	Founder	cell	division	gives	rise	to	a	
lateral	root	primordium	(LRP),	followed	by	LRP	development,	and	LR	emergence	in	a	process	
that	recapitulates	primary	growth	(Fukaki	and	Tasaka,	2009;	Harris,	2015;	Jung	and	McCouch,	
2013;	Nibau	et	al.,	2008).	These	stages	in	LR	development	are	regulated	by	both	hormonal	and	
environmental	signals.	Numerous	studies	demonstrate	the	involvement	of	auxin	and	its	
crosstalk	with	other	hormones,	including	cytokinins	(CK),	brassinosteroids	(BR),	ethylene	(ET),	
and	abscisic	acid	(ABA)	(Aloni	et	al.,	2006;	Harris,	2015;	Lewis	et	al.,	2011).	These	hormones	have	
		 68	
also	been	implicated	in	processes	by	which	microorganisms	like	Rhizobial	bacteria	and	
mycorrhizal	fungi	alter	host	RSA	(Jung	and	McCouch,	2013).	It	remains	unclear	whether	similar	
hormonal	alternations	and	RSA	changes	occur	during	parasitic	interactions	with	nematodes.	
Some	overlap	between	root-knot	and	rhizobia	in	the	manipulation	of	hormones	has	been	
reported	in	previous	studies	(Grunewald	et	al.,	2009b),	and	manipulation	of	nodulation	genes	by	
reniform	nematode	has	been	documented	in	soybean	roots	(Redding	et	al.,	2017).	
Reniform	nematode	(Rotylenchulus	reniformis,	RN)	is	a	semi-endoparastic	pathogen	
with	a	broad	host	range	(Robinson	et	al.,	1997).	Parasitism	by	RN	results	in	significant	
developmental	and	physiological	changes	in	plant	roots,	leading	to	the	formation	of	specialized	
feeding	structures	called	syncytia	(Agudelo	et	al.,	2005;	Rebois	et	al.,	1975).	An	infective	
immature	female	penetrates	the	root	cortex	intracellularly	to	the	vascular	cylinder,	inserts	her	
stylet	into	an	endodermal	cell,	then	releases	a	proteinaceous	secretion	that	triggers	syncytium	
formation	through	cell	wall	dissolution	and	cytoplasmic	coalescence	of	adjacent	pericycle	cells	
(Wubben	et	al.,	2010a).	Because	alterations	in	pericycle	cells	are	crucial	to	both	syncytium	
formation	and	lateral	root	formation,	we	hypothesized	that	reniform	nematode	infection	may	
influence	lateral	root	production	and	RSA	in	host	plants.	
Syncytium	formation	induced	by	oat	cyst	nematode	(Heterodera	avenae)	on	wheat,	beet	
cyst	nematode	(H.	schachtii)	on	rape	and	Arabidopsis	thaliana,	and	RN	on	cotton	and	soybean	
occuured	in	pericycle	cells	where	lateral	roots	initiate	(Agudelo	et	al.,	2005;	Grymaszewska	and	
Golinowski,	1991;	Magnusson	and	Golinowski,	1991;	Rebois	et	al.,	1975).	Feeding	sites	elicited	
by	root	knot	nematodes	(Meloidogyne)	comprise	of	giant	cells	in	the	cortex,	endodermis,	
pericycle,	and	vascular	parenchyma	of	the	host	tissues	(Vovlas	et	al.,	2005).	Studies	of	two	other	
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sedentary	nematodes,	root	knot	nematode	(RKN)	and	cyst	nematode	(CN),	released	the	
involvement	of	plant	hormones	during	their	parasitism	(Goverse	et	al.,	2000;	Kyndt	et	al.,	2016;	
Siddique	et	al.,	2015).	As	mentioned,	cell	cycle	re-entry	is	necessary	to	initiate	lateral	roots	since	
pericycle	cells	are	arrested	in	the	G2	phase	of	the	cell	cycle	(Beeckman	et	al.,	2001;	Fukaki	and	
Tasaka,	2009;	Vanneste	et	al.,	2005).	Accumulation	of	auxin	not	only	up-regulates	cell	cycle	
genes,	including	cyclins	and	cyclin-dependent	kinases	(CDKs),	to	promote	LR	asymmetric	cell	
division,	but	also	contributes	to	the	proper	development	of	RKNs	and	CNs	on	host	roots	and	the	
formation	of	nematode	feeding	sites	(de	Almeida	Engler	et	al.,	2004;	Goverse	et	al.,	2000;	
Meijer	and	Murray,	2000;	Soni	et	al.,	1995)	.	Apparently,	lateral	root	initiation	and	nematode	
feeding	site	formation	have	a	number	of	characteristics	in	common.		
In	the	present	study,	we	sequenced	the	transcriptomes	of	infected	and	uninfected	
cotton	roots	over	a	twelve-day	infection	time	course.	We	investigated	differential	expression	of	
genes	and	gene	sets	related	to	lateral	root	morphogenesis	and	the	hormonal	pathways	
underlying	lateral	root	morphogenesis.	We	also	quantified	root	system	architectural	parameters	
in	infected	and	uninfected	cotton	roots	grown	in	two	separate	culture	systems.	Results	suggest	
that	reniform	nematode	infection	alters	rot	system	architecture	in	cotton,	possible	through	
manipulation	of	hormonal	pathways	shared	between	nematode	parasitism	and	lateral	root	
formation.		
MATERIALS	AND	METHODS	
Transcriptome	sequencing,	assembly,	and	analyses	
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RN	suspension	was	prepared	by	centrifugal	sugar	flotation	from	infested	cotton	field	soil	
collected	in	St.	Matthews,	SC.	Roots	of	Gossypium	hirsutum	cv.	Deltapine	50	from	split	root	
system	were	harvested	at	3,	9	and	12	days	after	inoculation	(DAI).	Tissue	was	preserved	in	
RNAlater	(QIAGEN,	Valencia,	CA)	and	sequenced	in	University	of	Arizona	Genetics	Core	(Tucson,	
AZ).	Paired-end	read	quality	was	assessed	with	FastQC	v.0.11.3	(Andrews),	followed	by	adaptor	
trimming	with	Trimmomatic	(Bolger	et	al.,	2014)	and	content-dependent	quality	trimming	with	
ConDeTri	(Smeds	and	Künstner,	2011).	Trimmed	and	filtered	reads	from	all	samples	were	
combined	for	de	novo	transcriptome	assembly	on	the	Palmetto	high	performance	computing	
cluster	at	Clemson	University	using	the	Trinity	v.2.0.6	pipeline	with	default	parameters	
(Grabherr	et	al.,	2011;	Haas	et	al.,	2013).	At	the	time	this	work	was	performed,	there	was	no	
publically-available	cotton	genome.	Assembled	transcripts	were	annotated	with	Blast2GO	
(Conesa,	et	al.,	2005),	which	executes	a	BLASTx	search	against	the	NCBI	nonredundant	(nr)	
database	and	assigns	gene	ontology	(GO)	terms,	Interpro	IDs,	enzyme	codes	and	Kegg	pathways	
to	sequences	with	at	least	one	significant	BLASTx	hit	(E<1.0e-6).	
Gene	expression	was	quantified	by	mapping	reads	from	individual	RNA	samples	back	to	
the	cotton	protein-coding	transcriptome	using	RSEM	(Li	and	Dewey,	2011).	Genes	with	uniform	
low	expression	(fewer	than	ten	mapped	reads	in	12	or	more	samples)	were	filtered,	and	count	
data	from	the	remaining	genes	were	imported	to	DESeq2	for	differential	expression	analysis	
using	default	parameters	(Love	et	al.,	2014b).	Data	were	then	analyzed	separately	by	date	to	
identify	genes	differentially	expressed	(DE)	between	infected	and	uninfected	roots	(False	
discovery	rate,	FDR=0.05).		
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In	parallel	with	the	identification	of	individual	DE	genes,	Gene	set	enrichment	analysis	(GSEA)	
was	performed	to	identify	pre-defined	gene	sets	whose	expression	differed	between	infected	
and	uninfected	roots	on	each	date.	GSEA	v.2.1.0	was	also	performed	to	identify	pre-defined	
gene	sets	that	showed	significant,	concordant	differences	in	expression	between	infected	and	
uninfected	roots	on	each	date	(Subramanian	et	al.,	2005).	Gene	sets	whose	expression	was	
enriched	or	depleted	in	infected	roots	were	identified	using	FDR=0.05.		
Microscopy	
Three	replicates	plants	cultured	in	foam	cups	were	harvested	at	3,	6,	9	and	12	DAI	to	
assess	the	histopathology	of	syncytium	development.	Five	to	ten	pieces	of	inoculated	root	tissue	
from	each	plant	were	fixed	overnight	in	freshly	prepared	3.7%	Formaldehyde/Acetic	Acid	(FAA:	
50%	ethanol,	5%	glacial	acetic	acid,	3.7%	formaldehyde),	dehydrated	in	graded	ethanol	(50%,	
75%,	90-95%,	100%	v/v),	and	cleared	in	xylene.	They	were	infiltrated	with	an	ethanol:catalyzed	
resin	(50:50)	mixture,	then	with	100%	catalyzed	resin	and	finally	embedded	in	resin	(Spurr	Low-
Viscosity	Embedding	Kit,	Sigma-Aldrich,	Inc).	Embedded	sample	blocks	were	sectioned	at	0.5	μM	
and	stained	with	Azure	II	(1%	in	1%	sodium	borate)	and	basic	fuchsin	(1%	in	50%	ethanol,	diluted	
to	1/20	for	use).	Slides	were	viewed	at	20-40X	with	an	OLYMPUS	Microscope	BH-2	(OLYMPUS,	
Japan),	and	images	were	captured	using	the	ProgRes®	CapturePro	image	capture	system	
(JENOPTIK,	Germany).	Female	nematodes	were	clearly	visualized	penetrating	the	inoculated	
roots,	and	syncytia	appeared	as	interconnected,	hypertrophied	pericycle	cells	with	dense	
cytoplasm	and	an	increased	number	and	size	of	organelles.	
Split	root	system	architecture	assessment	
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Five	replicate	plants	from	split	root	system	were	harvested	at	3,	9,	and	12	DAI	to	assess	
cotton	root	system	architecture.	Root	samples	from	each	replicate	was	fixed	in	50%	(V/V)	
ethanol,	and	carefully	spread	on	water-proof	tray.	Image	of	each	scan	was	acquired	and	
analyzed	by	WinRHIZO	root	scanner	(WinRHIZOTM,	Canada).	The	following	parameters	were	
measured	in	WinRHIZO:	length,	tip	(Magnitude=μ),	external	path	length	(Pe),	altitude	(α),	fork,	
average	link	length	and	fractal	dimension	(Table	2.1).	Topological	index	(TI)	was	calculated	as	
the	linear	regression	of	log10(α)	versus	log10(μ);	TI=	log10(α)/log10(μ)	(Beidler	et	al.,	2015).	RSA	
data	were	saved	in	excel	and	used	for	further	statistical	analysis.	
Germination	pouch	culture	system	architecture	assessment		
Germination	paper	in	pouch	was	saturated	with	tap	water	before	loading	seeds.	
Surface-sterilized	seeds	of	G.	hirsutum	cv.	Deltapine	50	were	cultured	in	germination	pouch	
(Mega	International:	CYGTM	Seed	Germination	Pouch)	(Figure	2.1B).	RN	suspension	was	
prepared	through	the	same	method	in	split-root	system.	Four	replicate	plants	were	inoculated	
with	2	ml	of	nematode	suspension	(approx.	3,000	nematodes);	another	four	replicate	plants	
received	an	equal	volume	of	tap	water.	After	radicles	emergence,	plants	in	germination	pouches	
had	been	laying	horizontally	for	24	hours	to	perform	inoculation.	Plants	were	maintained	
vertically	with	root	covered	in	hanging	file	folder	except	inoculation	performance.	Cotton	
seedlings	were	cultured	on	growth	shelf	at	28	±	2°C	with	a	14-h	light/10-h	dark	photoperiod	for	
up	to	12	days	after	inoculation	(DAI).	Each	plant	was	receiving	1	ml	of	water	or	Hoagland	
complete	medium	solution	(0.16g/L,	PlantmediaTM),	twice	a	day	before	and	after	germination,	
respectively.	At	0,	3,	6,	9,	and	12	DAI,	each	plant	was	scanned	in	WinRHIZO	root	scanner	
(WinRHIZOTM,	Canada).	Same	parameters	were	assessed	for	germination	pouch	culture	system	
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in	WinRHIZO:	length,	tip	(Magnitude=μ),	external	path	length	(Pe),	altitude	(α),	fork,	average	link	
length	and	fractal	dimension	(Table	2.1).	Topological	index	(TI)	was	calculated	as	the	linear	
regression	of	log10(α)	versus	log10(μ);	TI=	log10(α)/log10(μ)	(Beidler	et	al.,	2015).	RSA	data	were	
saved	in	excel	and	used	for	further	statistical	analysis.	
Statistical	analysis	
Data	(total	root	length,	μ,	Pe,	α,	average	branching	angle,	fork,	average	link	length	and	
TI)	were	analyzed	using	the	JMP	(SAS)	statistical	software	(JMP®	Pro	12.2.0).	The	JMP	software	
offers	the	REML	method	(Restricted	or	residual	maximum	Likelihood)	to	solving	ANOVA	models	
with	random	effects	(PLANT).	Significant	effects	from	both	fixed	(DATE	and	CONDITION)	and	
random	factors	were	tested	for	various	cultures	with	culture-specific	models	(Table	2.2).	Model	
test	would	indicate	if	there	was	an	overall	effect	from	CONDITION,	DATE,	or	CONDITION*DATE	
interaction	in	each	plant	culture	(p<0.05).	Least	square	means	differences	student’s	t	test	was	
performed	to	evaluate	significant	difference	between	infected	and	uninfected	roots	at	each	
time	point	(p<0.05).		
RESULTS	
Cotton	root	transcriptome	
Illumina	sequencing	of	eighteen	RNA	samples	from	reniform	nematode	(RN)-infected	
and	uninfected	cotton	roots	over	three	sampling	dates	(3,	9	and	12	days	after	inoculation,	DAI)	
generated	over	448	million	raw	100-bp	reads,	with	an	average	of	24.8	milion	reads	per	sample.	
After	removing	non-plant	contigs,	the	final	cotton	root	protein-coding	transcriptome	consisted	
of	37,510	unique	genes	with	33,808	alternate	splice	forms	of	these	genes,	and	overall	N50	of	
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1,430	bp,	and	a	mean	length	of	984	bp.	All	genes	had	at	least	one	BLASTx	hit	against	the	NCBI	
nonredundant	(nr)	database,	and	79%	were	annotated	with	at	least	one	gene	ontology	(GO)	
term	in	Blast2GO.	
While	DESeq2	identifies	individual	genes	with	large,	significant	fold	changes,	gene	set	
enrichment	analysis	(GSEA)	identifies	gene	sets	whose	members	show	concordant,	but	
potentially	smaller,	changes	in	expression	between	infected	versus	uninfected	roots.	Overall,	at	
least	one	sampling	date,	458	genes	were	differentially	expressed	(DE),	and	233	pre-defined	gene	
sets	were	significantly	enriched	or	depleted	in	RN-infected	cotton	roots	(FDR=0.05;	Figure	1.5	
and	1.6).	Expression	data	for	all	genes	on	all	dates	are	provided	in	Additional	File	4.	Normalized	
enrichment	scores	for	all	gene	sets	on	all	dates	are	provided	in	Additional	File	5.	
Histopathology	
Resin	sections	of	RN-infected	roots	sampled	at	3,	9,	and	12	DAI	documented	the	
progress	of	syncytium	formation	through	time.	At	3	DAI,	RNs	had	penetrated	cotton	roots	
intracellularly	with	some	arrived	at	the	endodermis	to	initiate	syncytium.	Pericycle	cells	
surrounding	nematode	heads	remained	morphologically	unmodified	(Figure	2.2A).	By	9	DAI,	
expanding	syncytium	was	clearly	visible	as	regions	of	enlarged,	interconnected	pericycle	cells	
with	partially	lysed	cell	walls	and	disorganized	cytoplasm.	Densely	staining	cytoplasm	
aggregated	at	the	boundary	of	some	interconnected	syncytial	cells	(Figure	2.2B).	At	12	DAI,	the	
syncytium	consisted	of	multiple	layers	of	cells	was	fully	developed	and	maintained.	Modified	
pericycle	cells	were	filled	with	dense	cytoplasm,	enlarged	nuclei	and	nucleoli,	and	an	increased	
number	and	size	of	organelles	(Figure	2.2C).	At	the	same	date,	an	emerging	lateral	root	was	
captured	between	two	mature	nematode	females	(Figure	2.2D).	
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Selection	of	root	system	architecture	(RSA)	genes	and	RSA	gene	sets	
Of	the	DE	transcripts	identified	in	the	split-root	system	experiment,	142	RSA	genes	and	
18	RSA	gene	sets	were	selected	for	further	analysis	based	on	their	putative	functions	associated	
with	root	morphogenesis	(Figure	2.3	and	2.4).	Based	on	histological	observations	of	RN-induced	
syncytium,	transcriptomes	sampled	from	the	split-root	plants	at	3,	9,	and	12	DAI	captures	
relevant	RSA	transcripts	respectively	associated	to	initiation,	expansion,	and	maintenance	of	
syncytium	formation.	Root	system	architecture	transcriptional	changes	in	RN-infected	cotton	
roots	appear	to	be	markedly	infection	stage-specific	(Figure	2.3).	There	is	an	initial	peak	of	
upregulation	of	distinct	RSA	transcripts	observed	at	3	DAI	(initiation),	followed	by	the	highest	
number	of	DE	(up-	or	downregulation)	transcripts	during	expansion	stage	(9DAI),	and	a	
subsequent	lowest	number	of,	mostly	downregulated	transcripts	at	maintenance	stage	(12DAI).	
Few	genes	were	overlapped	between	dates,	with	more	commonalities	shared	between	dates	9	
and	12	than	between	dates	3	and	12.	Similar	distribution	of	RSA	gene	sets	was	observed	in	GSEA	
results	as	well	(Figure	2.4).	Six	genes	sets,	ubiquitin	ligase	complex	(GO:0000151),	proteasome	
core	complex	assembly	(GO:0080129),	ethylene	biosynthetic	process	(GO:0009693),	abscisic	
acid-activated	signaling	pathway	(GO:0009738),	and	ammonium	transport	(GO:0015696)	were	
significantly	enriched	at	initiation	stage,	all	other	RSA	gene	sets	were	significantly	depleted	on	at	
least	on	sampling	date.	Auxin	polar	transport	(GO:0009926)	and	root	morphogenesis	
(GO:0010015)	were	depleted	on	both	dates	9	and	12,	however,	only	xylem	development	
(GO:0010089)	was	shared	on	dates	3	and	9.	Another	four	root	morphology	gene	sets,	including	
regulation	of	meristem	growth	(GO:0010075),	meristem	initiation	(GO:0010014),	determination	
of	bilateral	symmetry	(GO:0009855),	and	polarity	specification	of	adaxial/abaxial	axis	
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(GO:0009944),	and	a	nitrate	transport	(GO:0015706)	were	consistently	depleted,	and	enriched	
by	RN	infection	across	all	dates,	respectively	(Figure	2.4).		
Among	all	selected	RSA	transcripts,	two	genes	were	consistently	up-regulated	across	all	
sampling	dates,	including	an	ABC	transporter	B	family	member	15-like	protein	who	was	reported	
to	be	involved	in	auxin	polar	transport	in	Arabidopsis	(Kaneda	et	al.,	2011),	and	a	cytochrome	
P450	82C4-like	protein	whose	other	isoform	modulates	jasmonate-induced	root	growth	
inhibition	in	Arabidopsis	(Liu	et	al.,	2010).	Other	DE	genes	as	well	as	RSA	gene	sets	also	
suggested	two	broad	mechanisms	about	how	all	selected	transcripts	were	putatively	involved	in:	
(1)	metabolism,	regulation,	or	signaling	of	plant	hormones	or	(2)	plant	root	morphogenesis.		
Metabolism,	regulation,	or	signaling	of	auxin	(Figure	2.5	and	2.6)		
Manipulation	of	auxin	homeostasis	in	cotton	during	RN	parasitism	was	indicated	by	DE	
auxin	metabolic	enzymes	(Figure	2.5).	Though	the	biosynthetic	pathway	of	indole-3-acetic	acid	
(IAA)	is	not	fully	understood,	indole-3-acetaldoxime	(IAOx)	has	been	proposed	as	a	key	
intermediate	in	IAA	synthesis.	In	Arabidopsis,	CYP71A13,	another	isoform	of	cytochrome	P450	
71A	subfamily,	potentially	catalyzes	a	pathway	to	remove	IAOx	productions	for	IAA	synthesis	
(Sugawara	et	al.,	2009).	The	other	two	transcripts,	indole-3-acetate	beta-D-glucosyltransferase	
(EC:2.4.1.121)	and	indole-3-pyruvate	monooxygenase	YUCCA10,	involved	in	auxin	conjugation	
and	biosynthesis,	respectively,	were	both	up-regulated	at	9	DAI.		
Two	auxin	efflux	carriers	were	induced	at	3	DAI,	but	repressed	at	dates	9	and	12,	
respectively.	However,	the	auxin	influx	carrier	was	down-regulated	at	date	3	and	9.	Other	auxin	
transporter	proteins,	including	a	consistently	up-regulated	ABC	transporter	B	family	member	15-
like,	and	a	down-regulated	BIG	GRAIN	1-like	A,	were	all	reported	to	be	involved	in	auxin	
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transport	(Cho	and	Cho,	2013;	Kaneda	et	al.,	2011;	Liu	et	al.,	2015).	Auxin	transport	was	also	
regulated	by	flavonoids,	which	have	been	shown	to	inhibit	polar	auxin	transport	and	to	enhance	
consequent	localized	auxin	accumulation	in	planta	(Peer	and	Murphy,	2007).	Flavonoids	
syntheses	start	with	the	condensation	of	CoA-ester	and	malonyl-CoAs,	catalyzed	by	the	enzyme	
chalcone	synthase	(CHS)	(Dao	et	al.,	2011).	In	many	plant	species,	flavonoids	can	be	esterified	
with	sulfate	groups	by	soluble	sulfotransferases	(STs).	Induced	flavonol	3-sulfotransferase	(F3-
ST)	enzyme	activity	and	F3-ST	mRNA	transcript	levels	were	observed	under	synthetic	auxin	2,4-
dichlorophenoxyacetic	acid	(2,4-D)	in	cell	cultures	of	Flaveria	bidentis	(Ananvoranich	et	al.,	
1994).	Together	with	MATE-type	flavonoid	transporters,	cellular	flavonoid	homeostasis	was	
manipulated,	and	potentially	co-opted	to	regulate	auxin	transport	in	RN-infected	cotton	roots.	
Likewise,	auxin	polar	transport	(GO:0009926)	gene	set	was	significantly	depleted	at	dates	9	and	
12	(Figure	2.4).		
In	auxin	signaling	pathway,	auxin	can	be	transported	into	cells	and	binds	to	its	nuclear	
receptor	from	TIR1/AFB	(TRANSPORT	INHIBITOR	RESPONSE1/AUXIN	SIGNALING	F-BOX)	family,	
which	is	the	subunit	of	the	SCF	E3-ligase	protein	complex.	This	leads	to	the	degradation	of	auxin	
transcriptional	repressors	(AUX/IAA	proteins)	by	SCFTIR1/AFB	complexes	and	26S	proteasome.	
Then	the	downstream	auxin-responsive	factors	(ARFs)	are	derepressed	and	auxin-inducible	
genes	are	activated	(Quint	and	Gray,	2006).	In	the	first	step,	ubiquitin-mediated	protein	
modification	is	achieved	through	ubiquitin	activation	by	the	ubiquitin-activating	enzyme	(E1,	
UBA),	transfer	to	the	ubiquitin-conjugating	enzyme	(E2,	UBC),	and	finally	linkage	to	target	
substrate	by	the	ubiquitin-protein	ligase	(E3)	(Kraft	et	al.,	2005).	In	Arabidopsis,	E3	ligase	can	be	
classified	into	three	classes,	among	which,	U-box	and	RING	proteins	may	facilitate	ubiquitination	
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by	recruiting	the	E2	and	substrate	(Kraft	et	al.,	2005).	Cotton	transcriptome	documented	DE	
transcripts	involved	in	ubiquitination	pathways,	including	one	E1	(up	at	3	DAI),	two	conjugating	
enzymes	(ubiquitin-like	modifier	hub1-like	and	ubiquitin-conjugating	enzyme/RWD-like	protein,	
up	at	3	and	9	DAI,	respectively),	four	E3	enzymes,	two	F-box	family	proteins,	and	five	RING	and	
U-box	proteins	(Figure	2.5D).	Enrichment	of	ubiquitin	ligase	complex	(GO:0000151)	and	
proteasome	core	complex	assembly	(GO:0080129)	at	3	DAI	reinforced	the	involvement	of	
ubiquitination	pathway,	possibly	for	auxin	singaling,	when	cotton	responded	to	RN	infection.		
Besides,	auxin	responsive	genes,	AUX28-like	and	SAUR-like,	were	down-	and	up-
regulated	at	date	9,	respectively.	Rice	gene,	OsRAA1	(Oryza	sativa	Root	Architecture	Associated	
1),	encodes	a	protein	who	has	58%	homology	to	the	Arabidopsis	Flowering	Promoting	Factor	1.	
Overexpression	of	OsRAA1	resulted	in	significant	higher	level	of	IAA,	reduced	growth	of	primary	
roots,	but	increased	formation	of	adventitious	roots	and	helix	roots,	which	was	possibly	
mediated	by	auxin	(Ge	et	al.,	2004).	Mitogen-activated	kinase	kinase	kinase	YODA-like	is	another	
auxin-dependent	regulator	involved	in	plant	root	development	(Smékalová	et	al.,	2014).	In	
Arabidopsis,	transcription	factors,	MYB	and	NAC,	are	also	involved	in	auxin	response.	In	both	
MYB77	knockout	and	NAC	block	Arabidopsis	plants,	auxin	signaling	was	down-regulated,	
resulting	in	less	lateral	roots	(Guo	et	al.,	2005;	Shin	et	al.,	2007;	Xie	et	al.,	2000,	2002).	Another	
two	transcription	factors,	LATERAL	ROOT	PRIMORDIUM	1-like,	and	LOB	domain-containing	
protein	18,	were	both	reported	to	be	as	downstream	of	auxin	responsive	factors	in	lateral	root	
development	regulations	(Kang	et	al.,	2013;	Lee	et	al.,	2009;	Zhang	et	al.,	2015).	Differential	
expression	of	multiple	auxin	responsive	genes	suggested	the	involvement	of	auxin	signaling	
pathway	during	RN	parasitism	on	cotton	roots	as	well	(Figure	2.5E).		
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Ca2+,	as	one	of	the	most	universal	second	messengers,	also	involves	in	auxin-induced	
root	growth.	Exogenous	application	of	auxins	could	increase	the	cytosolic	Ca2+	concentration	
within	minutes	in	plant	roots	(Vanneste	and	Friml,	2013).	Four	calcium-binding	proteins,	
interacting	with	phytohormone	signaling	kinase	(Benjamins	et	al.,	2003),	were	induced	on	at	
least	one	sampling	date	(Figure	2.6).	The	other	two	calcium-related	genes,	calcium-dependent	
kinase	SK5-like	and	CBL-interacting	serine	threonine-	kinase	17-like,	were	also	key	regulators	in	
Ca2+	signaling	in	plants	(KEGG	PATHWAY:	gmx04626,	(Kolukisaoglu	et	al.,	2004)).	Auxin	is	a	good	
candidate	for	one	of	Ca2+-activating	signals,	and	polar	auxin	transport	was	found	to	be	highly	
dependent	on	Ca2+	availability	(Benjamins	et	al.,	2003;	Vanneste	and	Friml,	2013;	Zhang	et	al.,	
2011a).	In	Arabidopsis,	InsP3	(inositol	trisphosphate)-dependent	Ca2+	signaling	may	affect	auxin	
distribution,	further	modulate	auxin-mediated	root	development	(Zhang	et	al.,	2011a).		
Metabolism,	regulation,	or	signaling	of	other	hormones	(Figure	2.7)	
Transcriptome	data	also	suggest	the	involvement	of	other	plant	hormone-responsive	
genes	during	RN	parasitism.	In	RN-infected	cotton	roots,	abscisic	acid	(ABA)-activated	signaling	
pathway	(GO:0009738)	and	ethylene	biosynthetic	process	(GO:0009693)	were	significantly	
enriched	at	3	DAI;	depleted	brassinosteroid	biosynthetic	process	(GO:0016132)	and	auxin	polar	
transport	(GO:0009926)	were	observed	later	at	9	and	12	DAI	(Figure	2.4).		
Among	selected	DE	RSA	genes,	four	ABA	receptors	(PYL4s),	and	four	enzymes,	
potentially	involved	in	ABA	synthesis	(one	carotenoid	cleavage	dioxygenases	and	three	short-
chain	dehydrogenase/reductases)	(Auldridge	et	al.,	2006),	were	up-regulated	at	3	and	9	DAI	
(Figure	2.7).	Potential	ABA-inducible	genes,	asparagine	synthetase	gene,	aspartic	protease,	and	
BURP	domain-containing	gene	(Harshavardhan	et	al.,	2014;	Shunwu	et	al.,	2004;	Wang	et	al.,	
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2005;	Yao	et	al.,	2012),	were	all	differentially	expressed	at	9	DAI.	Up-regulation	of	
malectin/recepoter-like	protein	kinase	FERONIA-like	may	promote	signaling	cross-talk	between	
ABA	and	other	peptide	hormone	(Chen	et	al.,	2016).	Besides,	various	WRKY	transcription	
factors,	acting	as	regulators	of	ABA	signaling	(Li	et	al.,	2013;	Xie	et	al.,	2005),	were	all	up-
regulated	at	dates	9	and	12.	Overall,	abscisic	acid	signaling	was	potentially	induced	by	RN	
infection.	Likewise,	enrichment	of	abscisic	acid-activated	signaling	pathway	(GO:0009738)	was	
also	observed	at	date	3	(Figure	2.4).	
Gibberellin	(GA)-related	transcripts	were	also	DE:	the	synthesis	of	bioactive	GAs	is	
catalyzed	by	GA	20-,	and	GA	3-oxidases,	whereas	GA	2-oxidase	(GA2ox)	deactivates	GAs	
(Yamaguchi,	2008).	Geranylgeranyl	diphosphate	(GGPP)	is	the	precursor	for	the	biosynthesis	of	
gibberellins,	whose	synthases	were	repressed	at	9	DAI,	followed	by	the	down-regulation	of	GA-
responsive	gene,	gamma-TIP,	at	12DAI	(Okada	et	al.,	2000;	Phillips	and	Huttly,	1994).	Besides,	
differential	expression	of	cytochrome	P450	714A1	(CYP714A1)	and	CYP714A2	may	function	
redundantly	in	GA	deactivation	(Zhang	et	al.,	2011b).		
In	Arabidopsis,	increased	EXORDIUM	mRNA	levels	were	found	in	BR	(brassinosteroid)-
treated	plants,	implying	its	significance	in	the	mediation	of	BR-mediated	plant	growth	(Coll-
Garcia	et	al.,	2004).	Three	EXORDIUM-like	transcripts,	together	with	the	potential	enzyme	(3-
oxo-5-alpha-steroid	4-dehydrogenase)	involved	in	BR	biosynthesis,	were	down-regulated	(Figure	
2.7C).	Likewise,	the	brassinosteroid	biosynthetic	process	(GO:0016132)	gene	set	was	depleted	in	
RN-infected	cotton	roots.		
It	is	worth	noting	that,	14	ethylene-responsive	transcription	factors	(ERFs)	were	
repressed	at	day	9	and	12,	and	another	3	ERFs	were	up-regulated	with	one	at	each	time	points.	
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A	potential	enzyme	involved	in	the	ethylene	biosynthesis,	1-aminocyclopropane-1-carboxylate	
oxidase	5-like	(ACO5),	was	also	induced	at	9	DAI	(Figure	2.7D).	DE	ethylene-related	genes	and	
enriched	ethylene	biosynthetic	process	(GO:0009693)	suggest	the	induced	ethylene	signaling	
pathway,	even	as	early	as	3	DAI	(Figure	2.4).	
Root	morphogenesis	(Figure	2.8	and	2.9)	
Figure	2.8	showed	DE	cotton	transcripts	potentially	involved	in	root	growth.	Four,	out	of	
19	selected	root	morphogenesis	genes,	were	up-regulated,	including	cytochrome	P450	82C4-
like,	phytosulfokines	(PSK)	3	precursor,	PSK	3	protein,	and	Dof-domain	transcription	factor	
(DofTF).	PSK	is	a	peptidyl	growth	factor	in	plant.	Alpha-type	PSK	promotes	adventitious	root	
formation	in	cucumber	(Yamakawa	et	al.,	1998).	DofTF	has	emerged	as	a	regulator	of	the	
formation	and	functioning	of	the	vascular	system	in	Arabidopsis	root	(Birnbaum	et	al.,	2003;	Le	
Hir	and	Bellini,	2013).	Down-regulated	xylem	cysteine	peptidase	1s	(Avci	et	al.,	2008),	phloem	
development	protein	(Locus	Detail),	laccase-4	(Zhao	et	al.,	2013),	metacaspase-9	(Escamez	et	al.,	
2016),	alpha	tubulin	(Bao	et	al.,	2001),	and	microtubule-associated	protein	(Buschmann	et	al.,	
2004)	were	all	reported	to	be	involved	in	vascular	development.	Arginine	decarboxylases,	
chitinase-like	protein,	carboxylesterase,	and	phototropic-responsive	NPH3,	were	reported	to	
mediate	root	system	architecture	(Hermans	et	al.,	2010;	Prince	et	al.,	2015;	Wan	et	al.,	2012b;	
Watson	et	al.,	1998).	At	12	DAI,	two	transcription	factors,	WUSCHEL-related	homeobox	protein	
4,	were	also	repressed.	Other	members	in	WUSCHEL-related	homobox	genes	were	reported	to	
be	required	in	root	development	in	rice	and	Arabidopsis	(Ji	et	al.,	2010;	Sarkar	et	al.,	2007;	Zhao	
et	al.,	2009,	11).		
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Nitrogen	is	another	key	regulator	of	plant	root	growth	or	root	system	architecture	(Mi	
et	al.,	2008).	The	other	group	of	genes	involved	in	root	morphogenesis	were	transcripts	mediate	
nitrogen	transport	or	metabolism	in	cotton	(Figure	2.9).	Glutamine	and	glutamate	are	the	first	
organic	nitrogen	compounds	from	the	assimilation	of	nitrate	and	ammonium	in	plants	(Kan	et	
al.,	2017).	Five	nitrate	transporters,	two	ammonium	transporter,	two	amino	acid	exporters	
(GLUTAMINE	DUMPER	4s),	and	various	glutamine	and	glutamate	metabolic	enzymes	were	
differentially	expressed	(Figure	2.9).	Aspartic	proteinase	nepenthesin-1	is	one	of	the	early	
glutamate-responsive	genes	in	rice	roots	(Kan	et	al.,	2017).	Enrichment	of	ammonium	transport	
(GO:0015696)	at	3	DAI	and	nitrate	transport	(GO:0015706)	across	time	course	reinforced	the	
involvement	of	nitrogen	during	RN-parasitism	on	cotton	roots	(Figure	2.4).		
Architecture	assessment	for	split-root	systems	(Figure	2.10)	
From	split	root	system,	architecture	parameters	(fractal	dimension,	number	of	forks,	
total	root	length,	and	forks	per	root	length)	were	measured	at	only	3	sampling	dates	(3,	9,	and	
12	DAI).	Significant	effects	from	DATE,	and	CONDITION	(nematode	infection)	were	identified	in	
all	parameters.	In	infected	roots,	values	of	all	parameters	increased	from	date	3	and	reached	to	
the	platform	at	dates	9	and	12.	However,	in	uninfected	roots,	curves	peaked	at	9	DAI	with	a	
little	bit	decline	at	12	DAI.	Compared	with	uninfected	roots,	significant	higher	fractal	dimension,	
number	of	forks,	and	forks	per	root	length	were	detected	at	dates	9	and	12	in	infected	roots	
from	split	root	system	(p<0.05).	Higher	fractal	dimension	indicates	more	complex	root	branching	
in	RN-infected	cotton	roots.	In	total	root	length,	significance	was	only	observed	at	12	DAI.	Factor	
interaction	between	DATE	and	CONDITION	was	identified	only	in	number	of	forks.	
Architecture	assessment	for	germination	pouch	culture	system	(Figure	2.11)	
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Significant	effect	from	DATE	was	observed	in	all	parameters	(total	root	length,	fork,	and	
fractal	dimension).	Curves	reached	to	platform	as	early	as	6DAI	in	germination	pouch.	
CONDITION	(nematode	infection)	effect	was	detected	in	fractal	dimension,	number	of	forks,	and	
total	root	length	with	significantly	higher	values	were	detected	at	6,	9,	and	12	DAI	(p<0.05).	
However,	no	effect	from	nematode	infection	or	no	difference	was	observed	in	RN-infected	
cotton	roots	in	forks	per	root	length	(p<0.05).	Factor	interaction	between	DATE	and	CONDITION	
was	identified	in	both	number	of	forks	and	total	root	length	from	germination	pouch	culture	
system.	
DISCUSSION	
Based	on	histopathologic	observations,	only	when	pericycle	cells	were	modified	into	
syncytium	(9,	and	12	DAI),	significant	differences	in	root	system	architecture	parameters	were	
observed	(Figure	2.2	and	2.10).	Selected	RSA	genes	and	gene	sets	indicate	multiple	similarities	
between	syncytium	formation	and	lateral	root	development:	
1)	Both	developmental	processes	consist	of	three	stages:	
In	plants,	lateral	root	initiates	from	the	parent	root	pericycle	cells,	or	pericycle	and	
endodermis	layers	(Casimiro	et	al.,	2001;	Fahn,	1990;	Jung	and	McCouch,	2013).	Cell	division	in	
pericycle	results	in	LRP	development,	followed	by	LR	emergence	(Figure	2.12).	Cotton	root	
transcriptome	suggested	three	distinct	stages	during	syncytium	formation	as	well:	an	initial	peak	
of	upregulated	genes	and	enriched	gene	sets	indicates	immediate	plant	responses	during	the	
initiation	of	RN	parasitism	(3DAI).	Highest	number	of	genes	and	gene	sets	were	involved	to	
expand	syncytium	with	most	initially	induced	genes	and	gene	sets	turned	off	or	repressed	
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(9DAI).	Until	12	DAI,	syncytium	was	fully	developed	to	maintain	nematode	parasitism	with	less	
manipulated	genes	and	gene	sets.	
	
2)	Plant	hormones,	particularly	auxin,	have	been	manipulated	in	both	processes:	
a)	Manipulation	of	auxin		
Many	physiological	and	genetic	studies	confirmed	the	significance	of	auxin	in	lateral	
root	formation,	especially	during	lateral	root	initiation	and	LRP	development	(Casimiro	et	al.,	
2001;	Fukaki	et	al.,	2007;	Fukaki	and	Tasaka,	2009;	Lavenus	et	al.,	2013).	In	Arabidopsis,	
activation	of	cell	cycle	through	overexpression	of	the	D-type	cyclin	did	not	result	in	lateral	root	
formation	in	lateral	root-inducible	system,	indicating	the	significance	of	auxin-induced	cell	cycle	
activation	during	lateral	root	initiation	(Vanneste	et	al.,	2005).	Plant	auxin	can	be	transported	
acropetally	toward	the	root	tip	through	the	root	vascular	tissues,	and	basipetally	toward	the	
base	of	the	root	through	the	outer	cell	layers	(Petrášek	and	Friml,	2009).	Both	acropetal	and	
basipetal	auxin	transport	are	achieved	by	a	balance	of	auxin	influx	and	efflux	between	cells,	
which	is	also	known	as	polar	auxin	transport.	The	auxin	influx	carrier	AUX1-dependent	basipetal	
auxin	transport	regulates	later	root	initiation,	while	AUX1-like	auxin	influx	carrier	LAX3-
dependent	auxin	uptake	induces	the	expression	of	cell-wall-remodeling	enzymes	to	promote	
lateral	root	emergence	(De	Smet	et	al.,	2007;	Marchant	et	al.,	2002;	Swarup	et	al.,	2008).	Auxin	
efflux	is	regulated	by	PIN	proteins,	acting	as	auxin	efflux	facilitators	at	the	plasma	membrane	
(Benková	et	al.,	2003;	Fukaki	and	Tasaka,	2009).	Rearrangement	of	PIN	proteins	correlates	with	
directions	of	polar	auxin	flux	and	establishment	of	auxin	gradient	with	its	maximum	at	the	
lateral	root	primordium	tip	(Benková	et	al.,	2003;	Friml	and	Palme,	2002).	PIN	proteins	function	
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redundantly	in	lateral	root	formation:	triple	mutants	(pin1	pin4	pin7	or	pin1	pin3	pin7)	
developed	less	well-defined	lateral	root	primordia	while	single	pin	mutants	only	presented	mild	
defect	in	lateral	root	formation	(Benková	et	al.,	2003).		
In	RN-infected	cotton	roots,	involvement	of	ubiquitination	is	suggested	by	differential	
expression	of	multiple	ubiquitin	enzymes	and	enrichment	of	ubiquitin	ligase	complex	and	
proteasome	core	complex	assembly	gene	sets	(Figure	2.4	and	2.5).	As	the	necessary	step	for	
auxin	signaling	pathway,	ubiquitination,	as	early	as	initiation	stage	(3DAI),	might	be	an	indicator	
of	potential	manipulation	of	auxin	signaling	during	nematode	parasitism.	In	the	later	parasitism	
stages,	possible	involvement	of	auxin	signaling	and	transport	were	indicated	by	DE	auxin	
metabolism	enzymes,	auxin	transporters,	and	downstream	genes,	as	well	as	depleted	auxin	
polar	transport	gene	set	(Figure	2.4	and	2.5).	In	RKN-induced	giant	cells	and	CN-induced	
syncytia,	local	increase	of	auxin/auxin-responsive	promoters	was	reported	in	in	Arabidopsis	and	
tomato	(Glazer	et	al.,	1986;	Goverse	et	al.,	2000;	Hewezi	et	al.,	2014;	Karczmarek	et	al.,	2004;	
Kyndt	et	al.,	2016).	Polar	auxin	transport	was	also	reported	to	be	essential	to	the	formation	of	
CN-induced	syncytia	by	contributing	to	accumulation	of	auxin	in	young	feeding	cells	(Goverse	et	
al.,	2000;	Grunewald	et	al.,	2009a,	2009b).	However,	auxin	gradient	could	be	hardly	predicted	in	
syncytial	cells	only	based	on	transcriptome	data.	Auxin	transport	is	not	only	mediated	by	the	
balance	of	auxin	influx	and	efflux	carrier,	but	also	by	their	distribution	on	cells.	In	CN-induced	
syncytium,	model	of	PIN-mediated	auxin	transport	proposed	by	Grunewald	et	al.	(2009)	
suggested	auxin	was	accumulated	through	lateral	polar	auxin	transport	in	initial	feeding	site	by	
reducing	PIN1-mediated	basipetal	auxin	transport,	and	directing	PIN3	to	the	lateral	cell	
membranes	(Grunewald	et	al.,	2009a).	In	order	to	better	understand	the	manipulation	of	auxin	
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transport	in	cotton	roots,	more	researches	need	to	be	done	to	localize	identified	DE	auxin	
carriers	in	RN-infected	cotton	roots.	
Except	auxin	polar	transport,	auxin	diffusion	through	plasmodesmata	(PD)	without	any	
transmembrane	movement	was	proposed	as	more	efficient	dissipation	of	the	accumulated	
auxin	(Han	et	al.,	2014;	Han	and	Kim,	2016;	Lucas	and	Lee,	2004).	Plant	produced	IAA	has	a	low	
molecular	weight	of	175	Da	which	allows	it	to	traffic	through	PD	(Han	and	Kim,	2016).	During	the	
formation	of	syncytium	in	CN-infected	Arabidopsis,	widening	of	PD	and	cell	wall	dissolution	
were	involved	in	syncytium	expansion	in	early	and	late	infection	stages,	respectively	(Bohlmann	
and	Sobczak,	2014).	Callose,	a	β-1,3-glucan,	was	identified	as	a	key	regulator	of	PD	permeability.	
In	RN-infected	cotton	roots,	gene	set	callose	deposition	in	cell	wall	(GO:	0052543)	was	
significantly	depleted	at	9	DAI	(data	not	shown).	Likewise,	increased	cell	wall	lysis	may	
potentially	promote	auxin	diffusion	between	cells	as	well	(Figure	2.2).		
b)	Manipulation	of	other	plant	hormones		
Transcriptome	data	also	suggest	the	involvement	of	other	plant	hormone-responsive	
genes	during	RN	parasitism,	as	during	LR	formation	in	plants.	Overall,	at	earlier	syncytium	
initiation	stage,	ABA,	BR	and	CK	were	potentially	induced,	but	GA	was	possibly	repressed;	while	
at	later	syncytium	expansion	and	maintenance	stages,	ABA,	GA,	ET	and	CK	were	potentially	up-
regulated,	but	BR	was	possibly	down-regulated	(Figure	2.4	and	2.7).	The	complex	interplay	of	
plant	hormones	was	also	observed	in	CN-induced	syncytia	in	soybean	(Ithal	et	al.,	2007;	
Karczmarek	et	al.,	2004).	In	shaping	plant	RSA,	auxin,	BR,	and	ET	positively	regulate,	but	CK	and	
abscisic	acid	ABA	inhibit	LR	initiation;	auxin	and	CK	function	antagonistically	during	LRP	
formation	(Fukaki	and	Tasaka,	2009;	Jung	and	McCouch,	2013;	Nibau	et	al.,	2008);	auxin	and	CK	
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promotes	LR	elongation,	but	ABA	inhibits.	Surprisingly,	17	ethylene-responsive	transcription	
factors	were	involved,	with	14	down-regulated	(Figure	2.7).	In	poplar,	PtaERF003	could	be	up-
regulated	by	auxin,	promoting	adventitious	and	LR	proliferation	(Trupiano	et	al.,	2013).	ERFs	
also	play	a	role	in	plant	defense	by	association	with	jasmonic	acid	and	ethylene	singling	
pathways	(Gutterson	and	Reuber,	2004;	McGrath	et	al.,	2005):	overexpression	of	ERF	RAP2.6	
enhanced	callose	deposition	at	CN-induced	Arabidopsis	syncytia,	resulting	in	higher	resistance	
against	beet	CN	(Ali	et	al.,	2013).	With	most	ERFs	down-regulated,	plant	defense,	potentially	
through	reduced	callose	deposition	might	be	inhibited.	
In	summary,	RN	possibly	manipulated	various	plant	hormone	during	parasitism.	Based	
on	transcriptome	analysis	results,	at	the	initiation	stage,	RN	infection	induced	increased	
acropetal	transport	and	signaling,	as	well	as	abscisic	acid	and	ethylene	pathways,	resulting	in	
accumulation	of	auxin	at	the	infection	site.	At	later	expansion	and	maintenance	stages,	auxin	
polar	transport,	especially	efflux,	was	repressed,	however,	auxin	diffusion	was	potentially	
promoted	through	cell	wall	dissolution.	As	a	result,	accumulated	auxin	would	be	dissipated	into	
surrounding	syncytial	cells.	With	auxin	gradient	built	up	near	the	feeding	site,	more	lateral	roots	
have	been	initiated,	resulting	in	more	forks	and	higher	fractal	dimension	(Figure	2.12).		
CONCLUSION	
Note	worthily,	many	similarities	are	shared	between	RN-induced	syncytium	formation	
and	LR	formation	in	roots.	Reniform	nematode	parasitism	increases	branching	complexity	in	
cotton	roots	and	alters	hormone-related	gene	expression,	particularly	auxin.	Changes	in	auxin	
signaling	and	transport	may	result	in	modified	root	system	architecture.	Cotton	roots	
transcriptome	data	from	split	root	system	advanced	our	understanding	of	the	host	responses	to	
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RN	infection	during	syncytium	formation.	However,	with	limited	studies	about	the	interaction	
between	RN	and	cotton	roots,	cotton	compatible	responses	during	RN	parasitism	are	difficult	to	
be	demonstrated	in	our	study.	In	future,	studies	about	the	functional	roles	of	identified	DE	RSA	
genes,	plant	hormones	and	their	crosstalk	need	to	be	performed	to	extend	our	knowledge	
about	RN	parasitism	on	host	plants.	
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Table	2.1.	Definitions	of	tested	individual	root	architecture	traits		
Geometry	 Symbol	 Definition	
Average	link	
length	
LinkAvgL
ength	
Average	length	of	all	links	
Magnitude*	 μ	 The	number	of	root	tips	(external	links)	in	the	system	
Altitude	 α	
The	number	of	links	in	the	longest	single	path	from	an	external	
link	to	the	base	link	
External	path	
length	
Pe	
The	sum	of	the	number	of	links	in	all	paths	from	each	external	
link	to	the	base	link	
Fork	 N/A	 Number	of	forks	
Length	 N/A	 Total	root	length	
Topology	 	 	
Topological	
index*	
TI	
Quantification	of	branching	pattern:	larger	TI	indicates	more	
herringbone.	TI=	log10(α)/log10(μ)	
Fractal	
dimension	
D	 Quantification	of	branching	complexity.	
*(Beidler	et	al.,	2015;	Fitter,	1987)
	Table	2.2.	Culture	specific	model	test.	
	 	 Fixed	effects	and	interaction	 Random	effects	and	interaction	
Split	root	system	
CONDITION	(Infected	versus	
uninfected);	DATE	(Time	
points:	3,	9,	and	12	DAI	for	
split	root	system;	0,	3,	6,	9,	
and	12	DAI	for	intact	root	
systems);	and	Interaction	
between	fixed	effects	from	
condition	and	date	
(CONDITION*DATE)	
Random	effect	from	plants	nested	within	
date	(PLANT[DATE]&Random);	
Interaction	of	random	effect	from	plants	
nested	within	date	and	fixed	effect	from	
condition	(PLANT[DATE]*CONDITION	
&Random)	
Germination	
pouch	
Random	effect	from	plants	nested	within	
condition	(PLANT[CONDITION]);	
Interaction	of	random	effect	from	plants	
nested	within	condition	and	fixed	effect	
from	date	
(PLANT[CONDITION]*DATE&Random)	
	
	
	
	
	
	
	
	
	
		101	
	
	
Figure	2.1	Cotton	plant	cultures.	(A)	Plants	cultured	in	split	root	system	with	the	help	of	Y-shape	
tube.	(B)	Plants	cultured	in	germination	pouch	system.	Infected	roots	received	3000	reniform	
nematodes/plant	according	to	methods.	Uninfected	roots	received	an	equal	volume	of	tap	
water	as	control.	
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Figure	2.2	Histopathological	section	of	reniform	nematode	penetration	and	syncytium	
formation.	A.	Penetrating	vermiform	female	nematode	in	root	cortex	at	3	DAI.	B.	Developing	
syncytium	with	areas	of	cell	wall	lysis	visible	between	pericycle	cells	at	9	DAI.	C.	Fully	mature	
syncytium	with	interconnected	cytoplasm,	numerous	vacuoles,	and	an	increased	number	and	
size	of	organelles	at	12	DAI.	D.	An	emerging	lateral	root	was	captured	between	two	mature	
nematode	females.	Ne:	Reniform	nematode.	SC:	Syncytial	cells.	P:	Pericycle	
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Figure	2.3	Number	of	overlapping	differentially	expressed	(DE)	cotton	root	system	
architecture	(RSA)	genes.		Venn	diagram	displays	date-specific	up-regulated	(A)	and	down-
regulated	(B)	DE	RSA	genes	(FDR<0.05).	The	circle	area	is	proportional	to	the	number	of	DE	
genes	at	each	time	point.	Data	of	3,	9	and	12	DAI	were	in	yellow,	light	blue,	and	dark	blue,	
respectively.	DAI:	days	after	inoculation.	
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Figure	2.4	Root	system	architecture	(RSA)	gene	set	enrichment.	Bar	displays	normalized	
enrichment	score	(NES)	of	RSA	gene	sets	in	infected	cotton	roots.	Positive	and	negative	NES	
indicate	enrichment	and	depletion.	Black	indicates	significance	(FDR<0.05).	
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Figure	2.5	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
auxin	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	A.	Auxin	
metabolism.	B.	Auxin	transport.	C.	Flanovol-associated	genes.	D.	Ubiquitination-associated	
genes.	E.	Other	auxin	signaling-associated	genes.	Red	and	blue	indicate	up-	and	down-regulation	
in	infected	root	tissues,	respectively.	Asterisks	indicate	significant	differences	in	expression	
(FDR=0.05).	Sequence	IDs	for	each	gene	in	the	assembled	transcriptome	are	given	in	
parentheses.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
		106	
	
	
	
	
Figure	2.6	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
calcium	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	Red	and	
blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	Asterisks	indicate	
significant	differences	in	expression	(FDR=0.05).	Sequence	IDs	for	each	gene	in	the	assembled	
transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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Figure	2.7	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
other	plant	hormones	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
A.	Abscisic	acid-associated	genes.	B.	Gibberellin-associated	genes.	C.	Brassinosteroid-associated	
genes.	D.	Ethylene-associated	genes.	E.	Cytokinin-associated	gene.	Asterisks	indicate	significant	
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differences	in	expression	(FDR=0.05).	Sequence	IDs	for	each	gene	in	the	assembled	
transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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Figure	2.8	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
root	morphogenesis	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).	Sequence	IDs	for	each	gene	in	
the	assembled	transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	Log2FC:	
Log2FoldChange.	
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Figure	2.9	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
nitrogen	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	Red	and	
blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	Asterisks	indicate	
significant	differences	in	expression	(FDR=0.05).	Sequence	IDs	for	each	gene	in	the	assembled	
transcriptome	are	given	in	parentheses.	DAI:	Days	after	inoculation.	Log2FC:	Log2FoldChange.	
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Figure	2.10	Architecture	assessments	of	split	root	system.	Dash,	and	solid	lines	indicate	
infected,	and	uninfected	roots,	respectively.	Steroid	indicates	significant	(p<0.05).	
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Figure	2.11	Architecture	assessments	of	germination	pouch	culture	system.	Dash,	and	solid	
lines	indicate	infected,	and	uninfected	roots,	respectively.	Steroid	indicates	significant	(p<0.05).		
	
	
	
	
	
	
	
		113	
	
	
Figure	2.12	Comparison	between	lateral	root	development	and	syncytium	formation	in	cotton	
roots.	Both	lateral	root	(LR)	development	and	syncytium	formation	have	three	distinct	stages.	
Auxin	promotes	all	stages	during	LR	formation,	while	other	plant	hormones	either	promotes,	or	
inhibits	auxin	effects	on	LR	development.	During	reniform	nematode	parasitism,	auxin	acropetal	
transport	and	signaling,	as	well	as	abscisic	acid	and	ethylene	pathways,	were	promoted	at	
initiation	stage	to	accumulate	auxin	around	nematode	infection	site.	Auxin	diffusion	was	
potentially	promoted,	while	auxin	polar	transport,	especially	auxin	efflux,	was	repressed	to	
dissipate	accumulated	auxin	into	surrounding	cells.	As	a	result,	auxin	gradient	was	built	up	near	
the	nematode	infection	site,	resulting	in	more	branches.		
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CHAPTER	THREE	
MODIFICATIONS	OF	CELL	WALL	COMPONENTS	INDUCED	BY	RENIFORM	NEMATODE	
(ROTYLENCHULUS	RENIFORMIS)	IN	UPLAND	COTTON	(GOSSYPIUM	HIRSUTUM)	ROOTS	
ABSTRACT	
Parasitism	of	reniform	nematode	(Rotylenchulus	reniformis)	on	host	plants	
induces	the	formation	of	a	permanent	feeding	structure,	the	syncytium.	Syncytia	are	
characterized	as	regions	of	hypertrophic,	interconnected	pericycle	cells	with	partially	
lysed	cell	walls	and	disorganized	cytoplasm	in	upland	cotton	(Gossypium	hirsutum)	
roots.	Analyses	of	cotton	root	transcriptomes	identified	47	differentially	expressed	
genes	and	30	enriched	or	depleted	gene	sets	associated	with	cell	wall	biosynthesis,	
modification,	and	degradation	(FDR=0.05).	In	current	study,	we	used	monoclonal	
antibodies	to	investigate	potential	modifications	of	cell	wall	components	in	reniform	
nematode-infected	cotton	roots.	Fluorescence	imaging	revealed	that	the	cell	walls	of	
reniform	nematode-induced	syncytium	contain	no	xylan,	low	hemicellulose	xyloglucan,	
but	abundant	highly	methyl-esterified	pectic	homogalacturonan.	Strong	fluorescence	of	
xyloglucan	overlapped	with	weak	fluorescence	of	highly	methyl-esterified	pectic	
homogalacturonan,	suggesting	that,	in	reniform	nematode-induced	syncytia,	pectate	
cross-links,	instead	of	cellulose-xyloglucan	network,	possibly	play	a	more	important	role	
in	load-bearing.	
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INTRODUCTION	
Parasitism	of	sedentary	endoparasitic	nematodes	induces	the	formation	of	
specialized	feeding	structures	within	their	host	roots.	Feeding	sites	established	by	root-
knot	nematodes	(Meloidogyne	spp.,	RKNs)	and	cyst	nematodes	(Heterodera	and	
Globodera,	CNs)	are	giant	cells	and	syncytia,	respectively.	Reniform	nematode	
(Rotylenchulus	reniformis,	RN),	as	a	sedentary	semi-endoparasitic	pathogen,	can	also	
establish	syncytium	composed	of	endodermal	and	pericycle	cells	in	host	roots.	Infective	
immature	female	penetrates	the	root	cortex	intracellularly	to	the	vascular	cylinder,	
inserts	its	stylet	into	an	initial	syncytial	cell	in	endodermis,	and	incorporates	neighboring	
pericycle	cells	into	the	syncytium	through	cell	wall	dissolution	and	cytoplasmic	
coalescence	(Agudelo	et	al.,	2005;	Rebois	et	al.,	1975;	Wubben	et	al.,	2010a).	To	
incorporate	adjacent	protoplasts	from	neighboring	cells,	the	cell	wall	and	middle	lamella	
are	digested,	and	the	plasma	membranes	are	fused	(Sobczak	and	Golinowski,	2009).	In	
CN-induced	syncytia,	cell	wall	openings	result	from	widening	of	pre-existing	
plasmodesmata,	followed	by	local	dissolutions	of	plant	cell	wall	after	syncytium	has	
become	established	(Davies	et	al.,	2012;	Grundler	et	al.,	1998).	In	nematode	sedentary	
stage,	a	functioning	syncytium	also	serves	as	a	nutrient	sink:	metabolically	highly	active	
was	observed	in	CN-induced	syncytia,	assisted	by	prominent	plastids,	mitochondria,	
proliferated	endoplasmic	reticulum	and	other	organelles	(Bohlmann	and	Sobczak,	2014).	
As	a	result,	both	giant	cells	and	syncytia	needs	to	loosen	cell	walls	to	allow	the	turgor	
driven	enlargement	(Sobczak	et	al.,	2011).	Pressure	probe	measurements	of	CN-induced	
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syncytia	in	Arabidopsis	roots	reached	0.9	MPa	as	compared	to	0.4MPa	in	root	
parenchyma	cells	(Sobczak	et	al.,	2011).	To	withstand	such	a	high	turgor	pressure,	cell	
walls	in	nematode	feeding	structures	require	both	flexibility	and	stiffness	(Davies	et	al.,	
2012).	
In	growing	plant	tissues,	each	cell	is	covered	by	its	own	cell	wall	and	connected	
to	neighboring	cells	by	pectic	middle	lamella	(Wieczorek,	2015).	The	primary	cell	wall	is	
predominantly	composed	of	different	polysaccharides:	cellulose	(crystalline	microfibils	
of	beta-1,4-linked	glucan),	hemicelluloses	(xyloglucan	predominantly,	glucuronoxylan,	
arabinoxylan,	glucomannan,	and	galactomannan),	and	pectin	(homogalacturonan	(HG),	
rhamnogalaturonan	(RG)	and	substituted	galacturonans)	(Carpita	and	Gibeaut,	1993;	
Cosgrove,	2005;	Harholt	et	al.,	2010;	Scheller	and	Ulvskov,	2010).	After	cell	growth	has	
ceased,	secondary	cell	wall	formed	by	the	deposition	of	other	polymers	such	as	lignins	
(Boudet	et	al.,	2003).	In	situ	fluorescence	imaging	using	monoclonal	antibodies	profiled	
the	cell	wall	molecular	architecture	in	functioning	syncytia	formed	by	soybean	CN	(H.	
schachtii)	in	Arabidopsis:	presence	of	cellulose,	xyloglucan,	heteromannan,	methyl-
esterified	pectic	HG,	and	pectic	arabinan	was	detected,	while	xylan	was	not	(Davies	et	
al.,	2012).	Recently,	another	research	comparing	cell	wall	composition	among	syncytia	
induced	by	various	CN	species	was	performed	to	discuss	the	conservity	and	specificity	in	
host-parasite	interactions	(Zhang	et	al.,	2017).	Formation	of	specialized	cell	wall	
architecture	in	nematode	induced	syncytium	appears	to	require	both	nematode	
secretions	and	manipulation	of	plant	genes	and	enzymes	to	modify	both	cell	wall	and	
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middle	lamella	(Bohlmann	and	Sobczak,	2014;	Davies	et	al.,	2012;	Ithal	et	al.,	2007;	
Szakasits	et	al.,	2009).	Cell-wall	degrading	genes	and	effectors,	including	pectate	lyase,	
cellulose	binding	protein,	and	various	beta-1,4-endoglucanases,	have	been	identified	by	
isolating	and	sequencing	the	whole	esophageal	gland	cells	of	golden	potato	CN	(G.	
rostochiensis)	(Maier	et	al.,	2012).	On	the	other	hand,	differentially	expressed	(DE)	plant	
cell	wall	genes,	including	cellulose	synthases	(Hudson,	2009),	xyloglucan	
transglycosylases	(Ithal	et	al.,	2007),	xyloglucan	endotransglycosylases	(Szakasits	et	al.,	
2009),	pectin	methylesterases	(Puthoff	et	al.,	2003),	pectate	lyases	(Szakasits	et	al.,	
2009),	expansins	(Wieczorek	et	al.,	2006),	and	extensins	(Niebel	et	al.,	1993),	were	
widely	studied	in	both	RKN-induced	giant	cells	and	CN-induced	syncytia.	From	migratory	
to	sedentary	stage,	nematodes	require	to	manipulate	host	plant	genes	associated	with	
cell	wall	degradation,	modification	and	even	biosynthesis	(Davies	et	al.,	2012;	Fudali	et	
al.,	2008;	Hudson,	2009;	Tucker	et	al.,	2007;	Wieczorek	et	al.,	2006).	Though	
transcriptome	analysis	has	revealed	involvements	or	significance	of	plant	and	nematode	
genes,	the	precise	mechanisms	of	plant	cell	wall	modification	during	nematode	
parasitism	are	still	largely	unknown.		
Genomic	data	for	RN	is	in	its	infancy	with	very	few	genes	involved	in	plant	cell	
wall	modification	reported:	a	RN	beta-1,4-endoglucanase	gene	(Rr-eng-1)	has	been	
identified	and	characterized	in	2010	(Wubben	et	al.,	2010b);	expressed	sequence	tag	
(EST)	results	revealed	14	genes	critical	for	plant	cell	wall	modification	(Nyaku	et	al.,	
2013).	In	this	study,	we	reported	differentially	expressed	genes	and	significantly	
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enriched	or	depleted	gene	sets	associated	with	cell	wall	modifications	in	reniform	
nematode-infected	upland	cotton	roots.	We	also	used	a	set	of	monoclonal	antibodies	to	
investigate	how	cell	wall	components	were	modified	during	RN	parasitism	on	cotton	
roots.	Potential	special	manipulations	of	plant	cell	wall	genes	carried	by	reniform	
nematode	were	discussed	based	on	transcriptomic	data	and	fluorescence	imaging	
results.	
MATERIALS	AND	METHODS	
Transcriptome	sequencing,	assembly,	and	analyses	
RN	suspension	was	prepared	by	centrifugal	sugar	flotation	from	infested	cotton	
field	soil	collected	in	St.	Matthews,	SC.	Roots	of	Gossypium	hirsutum	cv.	Deltapine	50	
from	split	root	system	were	harvested	at	3,	9	and	12	days	after	inoculation	(DAI).	Tissue	
was	preserved	in	RNAlater	(QIAGEN,	Valencia,	CA)	and	sequenced	in	University	of	
Arizona	Genetics	Core	(Tucson,	AZ).	Paired-end	read	quality	was	assessed	with	FastQC	
v.0.11.3	(Andrews),	followed	by	adaptor	trimming	with	Trimmomatic	(Bolger	et	al.,	
2014)	and	content-dependent	quality	trimming	with	ConDeTri	(Smeds	and	Künstner,	
2011).	Trimmed	and	filtered	reads	from	all	samples	were	combined	for	de	novo	
transcriptome	assembly	on	the	Palmetto	high	performance	computing	cluster	at	
Clemson	University	using	the	Trinity	v.2.0.6	pipeline	with	default	parameters	(Grabherr	
et	al.,	2011;	Haas	et	al.,	2013).	At	the	time	this	work	was	performed,	there	was	no	
publically-available	cotton	genome.	Assembled	transcripts	were	annotated	with	
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Blast2GO	(Conesa,	et	al.,	2005),	which	executes	a	BLASTx	search	against	the	NCBI	
nonredundant	(nr)	database	and	assigns	gene	ontology	(GO)	terms,	Interpro	IDs,	
enzyme	codes	and	Kegg	pathways	to	sequences	with	at	least	one	significant	BLASTx	hit	
(E<1.0e-6).	
Gene	expression	was	quantified	by	mapping	reads	from	individual	RNA	samples	
back	to	the	cotton	protein-coding	transcriptome	using	RSEM	(Li	and	Dewey,	2011).	
Genes	with	uniform	low	expression	(fewer	than	ten	mapped	reads	in	12	or	more	
samples)	were	filtered,	and	count	data	from	the	remaining	genes	were	imported	to	
DESeq2	for	differential	expression	analysis	using	default	parameters	(Love	et	al.,	2014b).	
Data	were	then	analyzed	separately	by	date	to	identify	genes	differentially	expressed	
(DE)	between	infected	and	uninfected	roots	(False	discovery	rate,	FDR=0.05).		
In	parallel	with	the	identification	of	individual	DE	genes,	Gene	set	enrichment	
analysis	(GSEA)	was	performed	to	identify	pre-defined	gene	sets	whose	expression	
differed	between	infected	and	uninfected	roots	on	each	date.	GSEA	v.2.1.0	was	also	
performed	to	identify	pre-defined	gene	sets	that	showed	significant,	concordant	
differences	in	expression	between	infected	and	uninfected	roots	on	each	date	
(Subramanian	et	al.,	2005).	Gene	sets	whose	expression	was	enriched	or	depleted	in	
infected	roots	were	identified	using	FDR=0.05.		
Procedures	for	in	situ	cell	wall	analysis	
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At	12	DAI,	infected	roots	were	harvested,	fixed,	embedded,	sectioned	and	
immunolabeled	following	a	described	protocol	by	Davies	et	al.,	2012	with	few	
modifications	(Davies	et	al.,	2012).	Briefly,	cleaned	roots	were	fixed	overnight	in	2.5%	
glutaraldehyde	at	4	°C.	After	three	rinses	in	1	X	phosphate-buffer	saline	(PBS),	samples	
were	dehydrated	in	a	graded	ethanol	series,	infiltrated	with	a	LR	White	acrylic	resin	
series,	and	finally	embedded	in	100%	LR	White	acrylic	resin	(Medium	grade	kit,	VWR	
International).	Transverse	sections	(5μM)	were	collected	in	a	sequential	manner.	
Rat	monoclonal	antibodies	LM11,	LM15,	LM19,	and	LM20	were	used	to	bind	
xylan	(McCartney	et	al.,	2005),	XXXG	motif	of	xyloglucan	(Marcus	et	al.,	2008),	low/non	
methyl-esterified	HG,	and	highly	methyl-esterified	HG	(Verhertbruggen	et	al.,	2009),	
respectively.	Sections	were	rinsed	with	PBS,	blocked	for	30	min,	and	incubated	in	20-
fold	diluted	LM11	and	LM19,	or	50-fold	diluted	LM20	for	overnight.	After	three	washes	
in	PBS,	sections	were	incubated	with	Alexa	Fluor	488	secondary	antibody	(Goat	anti-Rat	
IgG	(H+L)	Crossed	Adsorbed	Secondary	Antibody,	Thermo	Fisher	Scientific	Inc.)	diluted	
200-fold	in	milk	protein	in	PBS	(MP/PBS)	for	1.5	h	in	the	dark.	Then	all	sections	were	
washed	in	PBS	for	three	times,	incubated	in	1	mg/ml	Calcofluor	(Sigma-Aldrich),	and	
another	6	times	of	PBS	washes	in	the	dark.	Another	5	min	incubation	using	0.1%	
Toluidine	Blue	O	was	performed	after	immunolabeling	to	eliminate	background	auto	
fluorescence.	Excess	dye	was	washed	off	with	PBS.		
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To	unmask	LM19	piectic	HG	epitopes,	sections	were	incubated	in	0.1	M	sodium	
carbonate	(pH	11.4)	for	2	h	at	room	temperatures	to	remove	methyl	esters.	For	
unmasking	of	LM15	xyloglucan,	pectic	HG	was	then	enzymatically	degraded	with	
pectate	lyase	(Aspergillus	sp.;	Megazyme	International,	Ireland)	at	25	μg/ml	in	50	mM	
CAPS	buffer	with	1	mM	CaCl2	(pH	10)	for	4	h	at	room	temperature.	Following	three	
washes	in	deionized	water,	antibody	immunolabeling	was	performed,	as	described	
above.		
All	sections	were	mounted	in	glycerol-based	Citifluor	AF1	antifade	(Agar	
Scientific).	Samples	were	examined	on	Leica	SPE	Confocal	microscope	using	a	40X	
objective	(N.A.	=	1.15)	and	Leica	Application	Suite	X	software	(Leica	Microsystems,	
Buffalo	Grove,	IL).	Autofluorescence	was	collected	using	excitation/emission	
wavelengths	of	405	nm/410-460	nm,	and	is	presented	in	blue.	Fluorescence	from	the	
Alexa	Fluor	488	secondary	antibody	staining	was	collected	using	excitation/emission	
wavelengths	of	488	nm/500-570	nm,	and	is	presented	in	green.		
Fluorescence	intensity	measurements	were	performed	in	ImageJ.	Six	to	eight	
cells	were	randomly	selected	and	measured	for	the	walls	of	major	host	root	cell	types	in	
the	center	stele,	including	xylem,	phloem	elements,	and	pericycle	(unmodified	and	
syncytial	cells).	For	LM19	and	LM20	antibodies,	the	mean	fluorescence	intensity	for	each	
cell	type	was	compared	by	one-way	ANOVA	and	significant	differences	between	
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syncytial	walls	and	those	of	other	cells	were	determined	following	Tukey’s	multiple	
comparisons	in	JMP®	Pro	12.2.0.	
RESULTS	
While	DESeq2	identifies	individual	genes	with	large,	significant	fold	changes,	
gene	set	enrichment	analysis	(GSEA)	identifies	gene	sets	whose	members	show	
concordant,	but	potentially	smaller,	changes	in	expression	between	infected	versus	
uninfected	roots.	Overall,	at	least	one	sampling	date,	458	genes	were	differentially	
expressed	(DE),	and	233	pre-defined	gene	sets	were	significantly	enriched	or	depleted	in	
RN-infected	cotton	roots	(FDR=0.05).	Expression	data	for	all	genes	on	all	dates	are	
provided	in	Additional	File	4.	Normalized	enrichment	scores	for	all	gene	sets	on	all	dates	
are	provided	in	Additional	File	5.	
Cell	wall-associated	gene	sets	(Figure	3.1)	
In	total,	30	gene	sets	were	potentially	associated	with	cell	wall	biosynthesis,	
modification,	and	degradation.	Among	those,	only	one	gene	set,	defense	response	by	
callose	deposition	(GO:0052542),	was	significantly	enriched	at	3	DAI.	However,	the	
other	callose	deposition	gene	set,	GO:0052543,	was	significantly	depleted	at	9	DAI.	
Callose	deposition	was	proposed	as	a	frequent	mechanism	of	plant	defense	against	
various	pathogens,	including	plant	parasitic	nematodes	(Hammond-Kosack	and	Jones,	
1996).	Induction	of	callose	deposition	was	detected	in	Arabidopsis	with	overexpression	
of	calreticulin,	a	RKN	effector	(Jaouannet	et	al.,	2013).	Enhanced	resistance	against	the	
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beet	CN	in	Arabidopsis	was	associated	with	enhanced	callose	deposition	in	syncytia	
induced	by	overexpression	of	an	ethylene	response	transcription	factor	(Ali	et	al.,	2013).	
The	transaction	from	enrichment	to	depletion	indicated	the	suppression	of	plant	
defense	against	RN	in	cotton	roots,	possibly	through	reduced	callose	deposition.		
The	other	28	cell	wall	gene	sets	were	all	significantly	depleted	on	at	least	one	
sampling	date.	Six	gene	sets,	including	two	cell	wall	organization	gene	sets	(GO:0071555	
and	GO:0009664),	two	cell	wall	biogenesis	gene	sets	(GO:0009834	and	GO:0009832),	
and	two	polygalacturonase	gene	sets	(GO:0004650	and	EC:3.2.1.15),	were	consistently	
depleted	across	the	time	course.	Polygalacturonase	(EC:3.2.1.15),	also	known	as	pectin	
deploymerase,	randomly	hydrolyzes	(1→4)-alpha-D-galactosiduronic	linkages	in	pectate	
and	other	galacturonans,	indicating	the	consistent	manipulation	of	pectic	components	
in	RN-infected	cotton	root	cell	wall.	At	3	DAI,	three	lignin-associated	gene	sets	
(GO:0009809,	GO:0046274,	and	EC:1.10.3.2),	and	two	xylan-associated	gene	sets	
(GO:0010413	and	GO:0045492)	were	initially	depleted.	Lignin	is	an	abundant	natural	
polymer	in	plant	secondary	cell	wall,	making	plant	cell	walls	less	vulnerable	to	attack	by	
pathogens.	During	lignin	metabolism,	the	cinnamyl	alcohol	dehydrogenase	(CAD)	is	the	
key	enzyme	in	biosynthesis	of	the	lignin	monomers,	and	laccase	is	thought	to	function	in	
the	lignin	polymerization	(Barakat	et	al.,	2009;	Sharma	and	Kuhad,	2010).	The	
involvement	of	lignin	modification	was	also	indicated	by	the	initial	up-regulation	of	CAD	
family	protein	(comp122189)	at	3	and	9	DAI	and	down-regulation	of	a	laccase-4	
(comp125453)	at	9	DAI,	respectively	(Figure	3.2).	Xylan	accounts	for	up	to	30%	of	the	
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mass	of	the	secondary	walls	in	plants.	Its	biosynthetic	gene	set	(GO:0045492)	was	also	
depleted	as	early	as	3	DAI.	Depletion	of	lignin-	and	xylan-associated	gene	sets	agreed	to	
the	reduced	plant	type	secondary	cell	wall	biogenesis	(GO:0009834),	agreeing	to	the	
absence	of	secondary	cell	wall	in	RN-induced	syncytium	(see	below).	Other	depleted	
genes	sets	were	mostly	identified	at	9	and	12	DAI,	including	gene	sets	associated	
cellulose	(EC:2.4.1.12,	GO:0016760,	GO:0030244,	GO:0030243,	EC:3.2.1.21,	and	
GO:0008422),	hemicellulose	(EC:3.2.1.23),	pectin	(EC:3.1.1.11,	GO:0030599,	and	
GO:0045490),	and	polysaccharide	(GO:0044036,	GO:0000271,	GO:0000272,	
GO:0042545,	GO:0005199,	and	GO:0009505),	suggesting	suppressed	cell	wall	
components	synthesis	and	metabolism	induced	by	reniform	nematode	in	infected	
upland	cotton	roots,	particularly	at	9	and	12	DAI	when	syncytium	was	expanding.	
Cell	wall-associated	genes	(Figure	3.2,	3.3	and	3.4)	
Forty-seven	cell	wall	genes	were	identified	to	be	differentially	expressed	in	RN-
infected	roots.	Among	those,	twenty	genes	were	potentially	involved	in	the	modification	
of	cell	wall	polysaccharides	(Figure	3.3),	with	only	two	up-regulated	polysaccharides	
synthetic	enzymes	(cellulose	synthase	G2,	and	xyloglucan	6-xylosyltransferase).	
Obviously,	the	majority	of	cell	wall	polysaccharides-associated	genes	were	significantly	
down-regulated.	Among	those	include	genes	involved	in	polysaccharides	1)	
biosynthesis:	such	as	cellulose	synthases	(comp124712	and	comp128851)	and	
glycosyltransferase	family	2	protein	(comp126398);	2)	degradation:	such	as	glycoside	
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hydrolase	family	9	proteins	(comp123208	and	comp125638);	and	3)	modification:	such	
as	hemicellulose	modification	and	pectin	modification	(Figure	3.3).	The	primary	walls	of	
a	wide	range	of	dicots	contain	fucosylated	xyloglucans	(XGs),	while	an	alpha-L-
fucosidase	able	to	release	the	side	chain	of	XG	oligosaccharides	(de	la	Torre	et	al.,	2002)	
was	down-regulated	in	RN-infected	roots	at	9	DAI.	Mannan	endo-1,4-beta-mannosidase	
6,	randomly	hydrolyzing	(1->4)-beta-D-mannosidic	linkages	in	mannans,	
galactomannans	and	glucomannans,	as	well	as	two	xylan	metabolic	enzymes,	
glucuronoxylan	4-O-methyltransferase	1	and	beta-D-xylosidase	5,	were	all	down-
regulated	at	3	and	9	DAI.	At	date	9,	during	the	expansion	of	syncytium	two	glycoside	
hydrolase	family	9	(GH9)	members,	with	activity	on	soluble	cellulose	derivatives	(xylan	
and	xyloglucan),	and	a	glycosyltransferase	family	2	protein,	catalyzing	the	central	
process	of	polysaccharide	synthesis	and	forming	glycosidic	bonds(Keegstra	and	Raikhel,	
2001),	were	also	repressed.	Another	six	down-regulated	genes	were	all	related	to	pectin	
metabolism,	including	a	pectate	lyase,	a	pectin	methylesterase	and	its	inhibitor	protein,	
two	pectinesterases	and	a	polygalacturonase	2.		
Besides,	twenty-five	cell	wall	protein	genes	were	also	differentially	expressed,	
with	four	up-regulated	transcripts.	Among	them,	a	wall-associated	receptor	kinase	
(comp107637),	who	potentially	functions	as	a	signaling	receptor	of	extracellular	matrix	
component,	was	up-regulated	as	early	as	3	DAI,	but	turned	off	for	the	later	dates.	The	
other	three	up-regulated	genes	include	a	structural	protein,	the	LEA	hydroxyproline-rich	
glycofamily	protein	(comp43781),	a	lipid-transfer	protein	(comp93724),	and	an	
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expansin-like	B1	(comp114670),	who	was	reported	to	be	involved	in	cell-wall	expansion.	
Other	plant	cell	wall	proteins,	including	two	hydroxyproline-rich	glycoproteins	(HRGPs)	
or	extensins,	two	arabinogalactan	proteins	(AGPs),	four	proline-rich	proteins	(PRPs),	ten	
transport	proteins,	and	other	signaling	and	modification	proteins	were	all	down-
regulated	(Figure	3.4).	Eight	of	out	nine	differentially	expressed	non-specific	lipid-
transfer	proteins	were	down-regulated,	with	three	consistently	depressed	on	all	three	
sampling	dates.	
Cell	wall	components	immunolabeling		
Xylan	is	absent	in	syncytial	cell	wall	
The	LM11	xylan	probe	binds	specifically	to	secondary	cell	walls,	which	are	found	
in	xylem	vessels	within	vascular	cylinders.	No	binding	was	observed	in	the	RN-induced	
syncytial	cell	wall	in	cotton	roots	(Figure	3.5).	Absence	of	xylan	in	RN-induced	syntyial	
cell	wall	agrees	to	previous	reports	in	immunolabeling	of	CN-induced	syncytium	(Davies	
et	al.,	2012;	Zhang	et	al.,	2017),	indicating	that	the	thickening	of	syncytial	cell	wall	does	
not	result	in	secondary	cell	wall	growth.	To	aid	orientation	within	in	stele,	overlapped	
channels	for	Calcofluor-White	and	LM11	fluorescence	image	was	shown	in	Figure	3.5,	
and	this	approach	is	used	in	subsequent	figures.	Control	result	without	primary	
antibodies	was	shown	in	Figure	3.6.	
Low	xyloglucan	is	detected	in	outer	syncytial	cell	wall	
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The	distribution	of	XXXG	type	xyloglucan	was	revealed	by	probe	LM15.	In	RN-
infected	cotton	roots,	xyloglucan	epitope	was	only	detected	in	sections	following	
enzymatic	removal	of	pectic	HG	(Figure	3.7),	indicating	xyloglucan	is	effectively	masked	
from	antibody	access	in	syncytial	cell	walls,	similar	to	previous	reports	(Davies	et	al.,	
2012;	Marcus	et	al.,	2008;	Zhang	et	al.,	2017).	Strong	fluorescence	was	detected	in	
phloem,	and	unmodified	pericycle	cells,	while	weak	fluorescence	was	detected	in	xylem	
and	outer	syncytial	cell	walls	(Figure	3.7a	and	b).	
Highly	methyl-esterified	pectic	HG	is	not	uniformly	distributed	in	syncytial	cell	wall	
The	presence	of	pectic	HG,	the	major	pectic	polymer,	was	visualized	using	
monoclonal	antibodies	LM19	and	LM20,	directing	toward	low/non	methyl-esterified	HG	
and	highly	methyl-esterified	HG,	respectively	(Figure	3.8	and	3.9).	Sodium	carbonate	
incubation	was	performed	to	remove	methyl	esters	from	HG	(Marcus	et	al.,	2008;	
Verhertbruggen	et	al.,	2009).	LM19	only	bound	effectively	following	NaCO3	pre-
treatment	(Figure	3.8a),	whereas	LM20	bond	strong	to	the	stele	even	without	pre-
treatment	(Figure	3.9a),	indicating	high	level	of	methyl	esterification	in	RN-induced	
syncytium.	After	NaCO3	pre-treatment,	significantly	higher	LM19	was	detected	in	
syncytial	cell	wall	than	unmodified	pericycle	cell	wall	(Figure	3.8d),	but	no	difference	in	
mean	fluorescence	intensity	was	observed	in	LM20	fluorescence	between	syncytial	cells	
and	unmodified	pericycle	cells	(Figure	3.9d).	However,	LM20	fluorescence	condensed	on	
cell	walls	facing	root	center;	weak	fluorescence	was	observed	in	cell	walls	near	to	
		128	
nematode	head	as	a	dotted	line	(Figure	3.9b).	Those	results	indicate	the	level	of	highly	
methyl-esterified	pectic	HG	was	not	uniformly	distribute	in	syncytium,	with	less	
observed	in	outer	syncytial	cell	wall.	Besides,	the	level	of	petic	HG	might	be	a	key	
difference	after	a	pericycle	cell	being	cooperated	into	a	syncytium.		
DISCUSSION	
Differential	expression	analysis	and	gene	set	enrichment	analysis	indicate	that	
reniform	nematode	parasitism	altered	expression	of	host	plant	cell	wall	genes	to	induce	
the	development	of	syncytium	in	upland	cotton	roots.	Numerous	cell	wall-associated	
genes	and	gene	sets	were	significantly	down-regulated	or	depleted	across	the	time	
course,	respectively.	The	in	situ	analyses	revealed	the	unique	pattern	of	cell	wall	
components	in	RN-induced	syncytium	as	compared	to	other	nematode	feeding	sites:	
Cellulose	synthesis	was	significantly	depleted	in	RN-infected	roots	
Cellulose	is	the	major	structural	component	of	both	primary	and	secondary	cell	
walls	as	a	linear	polymer	of	1,4-beta-glucans,	building	up	a	strong	paracrystalline	
microfibrils	(Hudson,	2009;	Keegstra,	2010;	Richmond	and	Somerville,	2000).	Depletion	
of	three	cellulose	synthetic	gene	sets	and	one	cellulose	metabolic	gene	set	indicated	the	
reduced	cellulose	synthesis	in	RN-infected	cotton	roots	(Figure	3.1).	Members	of	the	
cellulose	synthase	(CesA)	gene	family	are	primarily	responsible	for	cellulose	anabolism	
(Pear	et	al.,	1996).	Using	various	mutants,	multiple	cellulose	synthase	catalytic	subunits	
were	identified	and	confirmed	with	their	significance	in	the	formation	of	plant	cell	wall	
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(Richmond	and	Somerville,	2000;	Tanaka	et	al.,	2003;	Taylor	et	al.,	2000).	In	virus-
induced	silenced	tobacco,	plants	with	CesA	cDNA	fragment	insertions	showed	a	loss	of	
cell	wall	cellulose	(Burton	et	al.,	2000).	In	CN-infected	soybean,	two	CesAs	were	down-
regulated	at	all	examined	developmental	stages	(Szakasits	et	al.,	2009),	similar	to	the	
down-regulated	CesA	and	CesA	catalytic	subunit	in	RN-infected	cotton	roots.	However,	
in	RKN-infected	Arabidopsis,	CesA	genes	related	to	both	primary	and	secondary	cell	wall	
were	induced,	but	at	different	locations	(Hudson,	2009).	With	no	secondary	cell	wall	
was	detected	in	RN-infected	root	section,	suggesting	that	the	up-regulation	of	cellulose	
synthase	G2	at	12	DAI	possibly	not	related	to	secondary	cell	wall	growth.		
Xyloglucan	is	not	the	major	non-cellulosic	polymer	in	RN-induced	syncytium	
In	many	dicotyledonous	plants,	xyloglucan	(XG)	is	the	most	abundant	
hemicellulose,	making	up	about	20-25%	(dry	weight)	of	the	primary	cell	wall	(Fry	and	
Miller,	1989;	McNeil	et	al.,	1984;	Scheller	and	Ulvskov,	2010).	Metabolism	of	XG	usually	
involved	XG	transglycosylases	(XETs)	and	XG	endotransglycosylases	(EXGTs)	(Nishitani	
and	Tominaga,	1992;	Smith	and	Fry,	1991).	XG	can	form	cross-links	between	cellulose	
microfibrils,	or	pectin,	functioning	as	the	main	load-bearing	component	of	the	primary	
cell	wall	(Hayashi,	1989;	Pauly	et	al.,	1999;	Somerville	et	al.,	2004).	Degradation	of	those	
tethers	contributes	to	the	cell	wall	loosen	(Zhang	et	al.,	2017).	In	Arabidopsis,	CN	
parasitism	suppressed	the	expression	of	EXGT-related	protein	7	(XTR7),	XTR8,	XTR9,	and	
At5g57530,	whereas	XTR6	was	strongly	up-regulated	(Szakasits	et	al.,	2009).	While	
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under	RKN	infection,	one	XET	was	up-regulated	and	the	other	was	down-regulated	
(Jammes	et	al.,	2005).	In	Arabidopsis,	seven	genes	encode	putative	XG	
xylosyltransferase	(XXT),	among	which,	two	XXTs	are	capable	to	form	XG	from	
appropriate	substrates	in	vitro	(Cavalier	and	Keegstra,	2006;	Faik	et	al.,	2000;	Fauré	et	
al.,	2007).	RN	infection	suppressed	the	expression	of	both	XET	and	EXGT	at	9	and	12	DAI	
(Figure	3.3),	possibly	resulting	in	weak	detection	of	XG	in	outer	syncytial	cell	wall	(Figure	
3.7a	and	b).		
Though	XG	chains	can	cross-link	microfibrils	and	reinforce	the	cell	wall,	in	the	
absence	of	the	cellulose-XG	network,	pectate	cross-links	play	a	major	load-bearing	role	
(Chanliaud	et	al.,	2004;	Höfte	et	al.,	2012;	Shedletzky	et	al.,	1990).	The	enzymes	
responsible	for	XG	cleavage	include	cellulase	(such	as	beta-1,4-endoglucanase)	and	
EXGT.	In	reniform	nematode,	fourteen	plant	parasitic	nematode	genes	critical	to	
modification	of	plant	cell	walls	identified	include	seven	beta-1,4-endoglucanases	
(EGases)	(Nyaku	et	al.,	2013).	While	in	CN	nematode	secretion,	immunolocalization	of	
EGases	was	only	detected	in	root	cortical	during	nematode	migration,	but	not	in	
developing	syncytia	(Goellner	et	al.,	2001).	In	RN-infected	cotton	roots,	low	XG	was	
detected	in	syncytial	cell	wall,	indicating	LM15-directed	XXXG	type	XG	is	not	the	major	
non-cellulosic	polymer	as	in	CN-induced	syncytia	(Zhang	et	al.,	2017).	The	modification	
of	XG	potentially	results	in	both	manipulation	of	cotton	root	genes	and	involvement	of	
RN	parasitism	genes.	However,	our	knowledge	about	the	involvement	of	xyloglucan	
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transferases	in	the	induction	and	maintanence	of	nematode	feeding	sites	is	still	
fragmentary	(Ithal	et	al.,	2007;	Jammes	et	al.,	2005;	Puthoff	et	al.,	2003).		
Pectin	HG	is	highly	methyl-esterified	but	unevenly	distributed	in	syncytium	
Pectin	is	another	important	component	of	both	plant	cell	wall	and	middle	
lamella.	It	can	be	broken	down	by	pectin	lyase,	pectate	lyase,	pectinesterase,	and	pectin	
methylesterase	(PME).	Pectin	methylesterases	and	pectinesterases	catalyze	de-
methylesterification	and	de-esterification	of	cell	wall	polygalacturonans,	respectively,	
while	pectate	lyases	cleave	de-esterified	pectins	(Louvet	et	al.,	2006;	Micheli,	2001).	In	
plants,	PME	activity	is	regulated	by	endogenous	PME	inhibitor	(PMEI)	proteins	(Juge,	
2006).	Down-regulations	of	above	transcripts	either	contribute	or	indicate	the	high	level	
of	methylesterification	of	RN-infected	cotton	roots,	which	agrees	to	the	immunolabeling	
results	(Figure	3.8	and	3.9).	Our	result	was	consistent	to	the	high	level	of	methyl-
esterification	detected	in	CN-infected	Arabidopsis,	soybean,	and	potato	roots	(Davies	et	
al.,	2012;	Zhang	et	al.,	2017).	Likewise,	in	CN-infected	Arabidopsis,	down-regulation	of	
PME	like-enzyme,	differential	expression	of	pectate	lyases	and	pectin	esterases,	were	
observed	(Ithal	et	al.,	2007;	Jammes	et	al.,	2005;	Szakasits	et	al.,	2009).	However,	
fluorescence	of	LM20-directed	highly	methyl-esterified	pectic	HG	in	RN-induced	
syncytium	was	not	evenly	distributed	(Figure	3.9).	Highly	methyl-esterified	HG	epitopes	
seem	to	be	associated	with	extensible	walls,	and	enriched	in	actively	growing	parts	
(Derbyshire	et	al.,	2007;	Domozych	et	al.,	2007;	Eder	and	Lütz-Meindl,	2008;	Jiang	et	al.,	
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2005).	In	RN-induced	syncytium,	outer	cell	wall,	who	was	modified	initially,	might	be	
less	extensible	and	relative	less	active	in	cell	growth;	inner	cell	walls	from	cells	who	
were	incorporated	later	possibly	function	more	active	in	syncytium	establishment	and	
are	more	extensible.	What	is	more	interesting	is,	where	less	highly	methyl-esterified	HG	
was	detected	overlaps	where	more	XG	was	captured	(Figure	3.7	and	3.9).	This	result	
indicates	that,	in	RN-induced	syncytium,	pectate	cross-links,	instead	of	cellulose-XG	
network,	possibly	play	a	more	important	role	in	load-bearing.		
Modifications	in	cell	wall	protein-associated	genes	
Except	host	plant	genes	associated	with	polysaccharides	modification,	other	
genes	involved	in	plant	cell	wall	protein	modification	were	also	manipulated.	For	
example:	extensin	is	one	of	the	important	structural	proteins	of	plant	cell	wall.	The	
cross-linking	between	extensin	and	other	wall	components	builds	up	integrity	and	
rigidity	during	cell	wall	development	(Brady	and	Fry,	1997;	MacDougall	et	al.,	2001;	Qi	et	
al.,	1995),	resulting	in	the	physical	barrier	under	stress	and	pathogen	infection	(García-
Muniz	et	al.,	1998;	Kawalleck	et	al.,	1995;	Merkouropoulos	et	al.,	1999;	Yoshiba	et	al.,	
2001).	The	extensin-2	was	discovered	from	carrot	cell	walls	in	1987	and	expressed	
coordinately	with	extensin-1	to	achieve	the	intermolecular	cross-linking	with	tyrosine	
residues	(Stafstrom	and	Staehelin,	1986).	Leucine-rich	repeat	extensins	(LRX)	are	
chimeric	extensin	proteins	with	leucine-rich	repeat	(LRR),	forming	a	family	of	structural	
cell	wall	proteins	containing	a	receptor-like	domain	(Baumberger	et	al.,	2001,	2003).	
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LRRs	are	usually	mediated	protein-protein	interactions	(Jones	and	Jones,	1997;	Kobe	
and	Deisenhofer,	1995),	with	the	exclusive	location	of	LRX	in	Arabidopsis	root	hair	cell	
wall,	which	may	indicate	LRX’s	function	in	signaling	of	plant	cell	wall	modification	under	
pathogen	attacks	(Baumberger	et	al.,	2003).	The	repression	of	extensin	genes	was	also	
detected	in	the	soybean	syncytial	cells	induced	by	soybean	CN	(Ithal	et	al.,	2007).	
Moreover,	in	resistant	soybean	with	rhg1	locus,	extensin	was	identified	as	one	of	the	
genes	characteristically	expressed	in	syncytia	after	inoculation	with	soybean	cyst	
nematode	(Matsye	et	al.,	2011).Tobacco	Class	III	pistil-specific	extensin-like	proteins	was	
proved	to	have	both	extensin-	and	AGP-like	properties	(Bosch	et	al.,	2001).	Under	
soybean	cyst	nematode	infection,	some	member	of	AGP	was	not	detected	in	the	
Arabidopsis	syncytial	cell	walls	architecture	(Davies	et	al.,	2012),	agreeing	to	the	down-
regulation	of	AGP	proteins	in	RN-infected	cotton	roots.	However,	only	based	on	
expression	profiles	from	transcriptome,	detailed	involvements	of	cell	wall	protein-
associated	genes	are	hard	to	conclude.		
CONCLUSION	
This	study	provides	insights	into	upland	cotton	cell	wall	genes	and	gene	sets	who	
have	been	manipulated	by	RNs	during	nematode	parasitism.	Forty-seven	genes	and	30	
gene	sets	were	reported	to	be	involved	in	cotton	cell	wall	modifications	responding	to	
RN	infection.	Fluorescence	images	revealed	the	distribution	of	xylan,	xyloglucan,	and	
pectic	homogalacturonan	in	reniform	nematode-infected	cotton	roots,	which	differs	
from	observations	in	cyst	nematode-induced	syncytium.	Transcriptomic	data	together	
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with	immunolabeling	confirmed	unique	manipulations	of	plant	cell	wall	genes	induced	
by	reniform	nematode	in	upland	cotton	roots.		
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Figure	3.1	Enriched	and	depleted	genes	sets	associated	with	cell	wall	synthesis,	modification,	
and	degradation	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	nematode.	
Positive	or	negative	GSEA	normalized	enrichment	scores	(NES)	indicate	genes	sets	enriched	or	
depleted	in	infected	roots,	respectively.	Black	bars	indicate	significant	enrichment	or	depletion	
(FDR=0.05);	grey	bars	indicate	non-significant	differences.	DAI:	Days	after	inoculation.	
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Figure	3.2	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
lignin	modification	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).		Numbers	behind	gene	names	
correspond	to	Sequence	IDs	in	the	assembled	transcriptome.	DAI:	Days	after	inoculation.	
Log2FC:	Log2FoldChange.	
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Figure	3.3	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	
polysaccharide	modification	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).		Numbers	behind	gene	names	
correspond	to	Sequence	IDs	in	the	assembled	transcriptome.	DAI:	Days	after	inoculation.	
Log2FC:	Log2FoldChange.	
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Figure	3.4	Heatmap	of	Log2FC	estimates	for	differentially-expressed	genes	associated	with	cell	
wall	protein	modification	in	infected	cotton	roots	on	3	dates	after	inoculation	with	reniform	
nematode.	Red	and	blue	indicate	up-	and	down-regulation	in	infected	root	tissues,	respectively.	
Asterisks	indicate	significant	differences	in	expression	(FDR=0.05).		Numbers	behind	gene	names	
correspond	to	Sequence	IDs	in	the	assembled	transcriptome.	DAI:	Days	after	inoculation.	
Log2FC:	Log2FoldChange.	
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Figure	3.5	Immuolabeling	of	cotton	xylem	vessels	in	syncytium	sections.	The	LM11	antibodies	
bind	specifically	to	xylem	vessels	(a).	To	distinguish	xylem	vessels	from	syncytial	cells,	Calcofluor-
White	images	and	LM11	antibody	staining	images	were	merged	(b).	Syncytial	cells	were	outlined	
with	grey	curve.		
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Figure	3.6	Immuolabeling	of	syncytium	sections	without	primary	antibodies.	No	fluorescence	
was	detected	without	primary	antibodies	(a).	Calcofluor-White	images	were	merged	(b).	
Syncytial	cells	were	outlined	with	grey	curve.	
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Figure	3.7	Immuolabeling	of	xyloglucan	in	syncytium	sections.	The	LM15	antibodies	bind	
specifically	to	xyloglucan	after	pectate	lyase	(PL)	treatment	(a).	Dotted	line	of	xyloglucan	under	
increased	magnification	of	the	syncytium	(outer	syncytial	cell	walls)	was	shown	in	b.	To	
distinguish	xylem	vessels	from	syncytial	cells,	Calcofluor-White	images	and	LM15	antibody	
staining	images	were	merged	(c).	Sections	without	pectate	lyase	treatment	was	shown	in	d.	
Syncytial	cells	were	outlined	with	grey	curve.		
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Figure	3.8	Immuolabeling	of	low/non	methyl-esterified	pectic	homogalacturonan	(HG)	in	
syncytium	sections.	The	LM19	antibodies	bind	specifically	to	unesterified	HG	before	(a)	and	
after	(b)	NaCO3	pre-treatment.	To	distinguish	xylem	vessels	from	syncytial	cells,	Calcofluor-
White	images	and	LM19	antibody	staining	images	were	merged	(c).	Syncytial	cells	were	outlined	
with	grey	curve.	Quantitative	fulorescence	analysis	of	LM19	in	syncytium	section	was	shown	in	
d.	
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Figure	3.9	Immuolabelling	of	highly	methyl-esterified	pectic	homogalacturonan	(HG)	in	
syncytium	sections.	The	LM20	antibodies	bind	specifically	to	highly	methyl-esterified	HG	(a).	
Dotted	line	of	methyl-esterified	HG	under	increased	magnification	of	the	syncytium	(outer	
syncytial	cell	walls)	was	shown	in	b.	To	distinguish	xylem	vessels	from	syncytial	cells,	Calcofluor-
White	images	and	LM19	antibody	staining	images	were	merged	(c).	Syncytial	cells	were	outlined	
with	grey	curve.	Quantitative	fulorescence	analysis	of	LM19	in	syncytium	section	was	shown	in	
d.
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Appendix	A	
Additional	File	1_GSEA_gene	sets.xlsx	(https://tinyurl.com/ycyqrlgx).	
A	custom	GSEA	database	of	954	gene	sets,	each	containing	at	least	15	genes,	was	created	from	
GO	terms	and	enzyme	code	annotations	of	the	cotton	root	transcriptome.	
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Appendix	B	
Additional	File	2_	Cotton_Root_Transcriptome.fasta.zip.	(https://tinyurl.com/ybwpl3kn)	
De	novo	assembled	complete	cotton	root	protein-coding	transcriptome.	Raw	data	were	
uploaded	to	NCBI	with	project	accesstion	ID	as	PRJNA269348.		
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Appendix	C	
Additional	File	3_Gene_annotations.txt.	(https://tinyurl.com/yb3etjqy)	
Annotation	results	for	each	unique	cotton	protein-coding	genes.	
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Appendix	D	
Additional	File	4_DE_Genes.xlsx.	(https://tinyurl.com/y86yjhkx)	
Expression	data	for	all	differentially-expressed	(DE)	genes	on	all	dates.	
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Appendix	E	
Additional	File	5_GSEA_NES_scores.xlsx.	(https://tinyurl.com/ybqawpyu)	
Normalized	enrichment	scores	(NESs)	for	all	gene	sets	on	all	dates.	Bold	indicates	significant	
enrichment	or	depletion.		
	
	
	
	
	
	
	
	
	
	
